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ABSTRACT 
SIGNAL TRANSDUCTION MECHANISMS IN COMMISSURAL AXON 
GUIDANCE: THE ROLE OF INTRACELLULAR TYROSINE KINASES IN NETRIN-
DCC/FRAZZLED AXON ATTRACTION
Michael P. O’Donnell
Greg J. Bashaw
To develop a functional nervous system, neural circuits are initially established through 
the stepwise process of neural specification, axon guidance and synaptogenesis. Axon 
guidance, the process by which neurons extend axons to their final targets, relies on the 
presence of extracellular cues, and their respective guidance receptors. Intracellular 
molecules that transduce these signals are currently unidentified for many guidance 
receptors. We are particularly interested in identifying the signal transduction 
mechanisms that underlie attractive growth cone turning in response to the the conserved 
axon guidance cue, Netrin. Netrin elicits midline axon attraction in all bilaterally 
symmetric animals studied to date through the DCC family of receptors. In Drosophila, 
commissural neurons require Netrin and its DCC receptor, Frazzled, for midline axon 
crossing. To identify genes that function in Netrin signal transduction in vivo, we have 
taken two approaches: (1) a candidate gene approach to address a well-accepted model 
based on in vitro observation and (2) a genetic screen to identify novel genes that regulate 
iii
commissural axon guidance. We find here that two different tyrosine kinases, Src and 
Abl, regulate commissural guidance, but through different mechanisms. Src, in contrast 
to the prevailing view, is not required for Netrin signaling in commissural neurons and 
instead antagonizes midline axon crossing through a novel pathway. Abl promotes 
Netrin-dependent attraction through its C-terminal scaffolding domain through a 
mechanism that is partly kinase-independent. Additionally, we have identified several 
new genomic loci that contribute to commissural guidance in vivo.
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Chapter 1
 Introduction 
Axon growth and guidance: receptor regulation and signal transduction
Michael O’Donnell
Mentor: Greg J. Bashaw
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1.1 Introduction
To ensure correct and efficient wiring of the nervous system, an intricately choreographed 
sequence of events must take place. First, neurons and their surrounding target tissues 
must be specified to express the correct complement of receptors and guidance cues, 
respectively. Second, receptors must be assembled into the appropriate complexes and 
localized to the axonal or dendritic growth cones, whereas guidance cues must be 
correctly trafficked to and localized within the extracellular environment. Third, signaling 
mechanisms must be in place to integrate and transmit signals from the surface receptors 
into changes in the growth cone actin cytoskeleton, resulting in stereo- typed steering 
decisions. Each of these steps provides many potential levels for the regulation of axon 
guidance decisions, and although recent work has enriched our understanding of the 
complexities of guidance regulation, many questions remain. Here we highlight recent 
advances in our understanding of guidance receptor signaling and regulation, with a 
particular emphasis on findings in vivo.
 During development, neuronal growth cones, the specialized structures at the tips 
of extending axons, follow specific pathways and navigate a series of intermediate choice 
points to find their correct targets. At each decision point, growth cones encounter a 
number of guidance cues in their extracellular environments (Yu and Bargmann, 2001; 
Dickson, 2002). Researchers have discovered several phylogenetically conserved families 
of guidance cues and receptors, including (a) semaphorins (semas) and their plexin (Plex) 
and neuropilin receptors (Pasterkamp and Kolodkin, 2003), (b) Netrins and their deleted 
in colorectal carcinoma (DCC) and UNC5 receptors (Kennedy, 2000), (c) Slits and their 
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roundabout (Robo) receptors (Brose and Tessier-Lavigne, 2000), and (d ) ephrins and 
their Eph receptors (Kullander and Klein, 2002). A common theme from studies of these 
guidance molecules is that it is the type of receptor, or receptor complex, expressed on 
the growth cone’s surface, rather than a given guidance cue, that determines the direction 
of axon growth (Huber et al., 2003; Garbe and Bashaw, 2004). More recently, additional 
protein families previously recognized for other developmental functions have been 
implicated in growth cone guidance including sonic hedgehog (Shh) (Charron et al., 
2003), bone morphogenetic proteins (BMPs) (Butler and Dodd, 2003), and Wingless-type 
(Wnt) proteins (Lyuksyutova et al., 2003; Yoshikawa et al., 2003). In this review, we 
focus our discussion on the four major developmental ligand/receptor systems listed 
previously, drawing examples from other signaling pathways when they illuminate or 
reinforce general principles that have emerged from the study of the signaling and 
regulatory mechanisms of the Slit, Netrin, semaphorin, and ephrin families. This review 
is divided into two major sections. First we discuss posttranslational mechanisms that 
regulate the localization and distribution of guidance receptors in the growth cone plasma 
membrane. This level of regulation has emerged as a potent strategy to control guidance 
responses, and as we shall see, many signaling molecules typically considered to act 
exclusively as downstream effectors can influence guidance receptor distribution. In the 
second section, we consider how guidance receptors transmit their signals to the actin/
microtubule cytoskeleton to control steering decisions.
3
1.2 Axon Guidance Receptor Regulation
 The expression of guidance cues and receptors is exquisitely tailored to allow 
growth cones to make appropriate path-finding decisions at specific times and places 
throughout development. A wide variety of mechanisms are in place to ensure the correct 
presentation and receipt of guidance signals, ranging from spatially and temporally 
restricted transcriptional regulation of cues and receptors to their specific 
posttranslational trafficking. There are doubtless additional regulatory mechanisms 
awaiting discovery. Transcriptional control of axon guidance, and in particular of 
guidance cues and receptors, has been reviewed recently(Polleux et al., 2007), so here we 
focus on posttranslational regulation with an emphasis on the strategies used by neurons 
to regulate receptor localization and function, including control of guidance receptor 
trafficking to the plasma membrane, regulated endocytosis, and regulated proteolysis.
1.2.1 Trafficking of Guidance Receptors to the Growth Cone Plasma Membrane
 In principle, regulating surface levels of axon guidance receptors could provide a 
potent mechanism to regulate guidance responses. Indeed, work over the past several 
years has documented several in vitro and in vivo examples of this level of regulation, 
suggesting that this strategy will prove to be a widespread and general mechanism for 
controlling axon path finding. Here we discuss the following three recent examples: first, 
the regulation of Robo receptor trafficking by Commissureless (Comm) in Drosophila, 
second, the regulation of DCC trafficking by protein kinase A (PKA) in rodents, and 
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third, the regulation of UNC-40 (DCC), UNC-5, and SAX-3 (Robo) trafficking in 
Caenorhabditis elegans.
 At the fly midline, Comm controls midline crossing by negatively regulating the 
repulsive Robo receptor, thereby preventing commissural neurons from prematurely 
responding to the midline repellant Slit. comm mRNA is detected both in midline glia as 
well as in a temporally restricted window in commissural neurons as they approach the 
midline. Although cell transplantation and gain-of-function genetic experiments have 
been interpreted to suggest that Comm functions predominantly cell autonomously in 
neurons, other genetic data, including mosaic rescue experiments, also supported an 
additional role for Comm in midline glia (Georgiou and Tear, 2002; Keleman et al., 
2002). This issue has been further clarified by a more recent quantitative analysis of the 
tissue- specific requirement for Comm function, in which the findings strongly support 
the hypothesis that Comm expression in midline glia does not contribute to its function in 
midline guidance (Keleman et al., 2005).
 How does Comm function to regulate Robo? Several lines of evidence, including 
subcellular localization experiments and transgenic expression of mutant forms of comm, 
indicate that Comm can recruit Robo receptors directly to endosomes for degradation 
before they ever reach the cell surface and that this sorting function is important for 
regulating midline repulsion (Keleman et al., 2002) (Figure 1.1c). In addition, Comm’s 
ability to regulate surface levels of Robo has been suggested to depend on its interaction 
with the Nedd 4 ubiquitin ligase; mutation in either the dNedd4 binding site or the 
ubiquitin acceptor sites in Comm disrupts its ability to regulate Robo (Myat et al., 2002). 
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More recently, the importance of Nedd4 and Comm ubiquitination for its midline 
regulatory function has been challenged by the observation that a mutant version of 
Comm lacking all ubiquitin acceptor sites retains full activity in an in vivo rescue assay. 
Perhaps the previous biochemical and gain-of-function genetic interactions between 
Nedd4 and Comm could indicate a role for Nedd4 in another Comm-dependent process 
that is distinct from its role in midline guidance.
 The endosomal sorting model has been extended to show that Comm can prevent 
Robo delivery to the growth cone surface in living embryos (Keleman et al., 2005). 
Expression of green fluorescent protein (GFP) tagged Robo in sensory axons provides 
investigators with live visualization of the anterograde axonal transport of Robo positive 
vesicles. When Comm is genetically introduced into these RoboGFP-positive neurons, 
the transport of Robo positive vesicles is almost completely abolished, providing strong 
evidence for the in vivo significance of Comm-directed endosomal targeting of Robo 
(Keleman et al., 2005) (Figure 1.1c).
 Despite significant progress in the understanding of Comm function, many 
questions remain. Are there vertebrate Comm homologs that serve similar functions 
during commissural axon guidance in the spinal cord, or instead do other molecules play 
this role? So far, no vertebrate Comm proteins have been found; however, compelling 
genetic evidence indicates that another molecule may have an analogous function in the 
spinal cord. Rig-1/Robo3, a divergent Robo family member, is required in precrossing 
commissural neurons to downregulate the sensitivity to midline Slit proteins, although 
this function is achieved by a distinct mechanism (Sabatier et al., 2004). Another 
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interesting question is how comm mRNA expression is regulated during midline crossing 
to ensure a pulse of expression just as axons cross. Which signal activates Comm 
expression as the growth cone approaches the midline? How is Comm repression of Robo 
relieved in postcrossing neurons? Identifying the signals that regulate comm mRNA 
expression and dissecting the comm promoter and regulatory sequences should begin to 
answer these questions.
 DCC family members, attractive receptors for Netrin that play important roles in 
many developmental contexts, in particular in promoting midline crossing of 
commissural axons in the spinal cord, are also regulated by trafficking to the growth cone 
plasma membrane. DCC resides in two distinct pools in embryonic rat commissural 
axons: a surface pool and an intracellular vesicular pool. Netrin stimulation leads to an 
increase in DCC surface levels, and this effect is enhanced by PKA activation. 
Specifically, PKA mobilizes the intracellular pool of DCC, leading to Netrin-dependent 
increases in both surface expression and axon outgrowth (Bouchard et al., 2004). 
Blocking adenylate cyclase, PKA activity, or exocytosis prevents the increase in DCC 
surface levels and blunts Netrin-induced axon outgrowth. Significantly, in contrast with 
earlier findings in cultured Xenopus neurons, Netrin did not directly influence PKA 
activity in these experiments, suggesting that in rat commissural neurons other signals are 
likely required to activate PKA, which can in turn potentiate Netrin responses by 
upregulating surface levels of DCC (Figure 1.1a).
 In addition to PKA’s role in regulating translocation of the DCC receptor to the 
growth cone plasma membrane, recent findings indicate that Netrin-dependent inhibition 
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of Rho activity also contributes to DCC mobilization (Moore et al., 2008a). Although the 
effects of manipulating Rho on surface DCC levels do not seem to be as profound as 
those seen with PKA manipulations, the data suggest a more complex role for Rho in 
regulating guidance responses than previously acknowledged. Specifically, these effects 
indicate that, in addition to constituting a major signaling output of guidance receptor 
activation, the Rho GTPases (guanosine triphosphatases) may also have an upstream or 
feedback role in regulating the surface levels of guidance receptors (Figure 1.1a). 
Together these studies offer new insight that may help to explain how changing cyclic 
AMP (adenosine monophosphate) (cAMP), PKA, and Rho activity pro- motes Netrin-
mediated chemoattraction. The implications of these findings for how we conceptualize 
the signaling mechanism underlying Netrin attraction, as well as the mechanisms 
underlying other ligand-receptor systems where PKA and Rho function are involved, are 
dis- cussed in more detail below.
 Genetic approaches in C.elegans have also offered substantial support for the 
importance of regulating receptor trafficking to control axon growth and guidance, and as 
we have seen in the case of Robo regulation and DCC regulation, both negative and 
positive regulatory strategies have significant impact on axon responses. Several studies 
have established that the trafficking and polarized localization of Netrin and Slit receptors 
are critical for proper direction of axon outgrowth. Specifically, mutations in the UNC-73 
Trio-family RacGEF or the VAB-8 kinesin-related protein disrupt the normal localization 
of the SAX-3 (Robo) and UNC-40 (DCC) receptors, and in the case of UNC-40, 
regulation of localization also requires the MIG-2 Rac small GTPase (Levy-Strumpf and 
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Culotti, 2007; Watari-Goshima et al., 2007). These perturbations in normal receptor 
localization lead to significant defects in Slit and Netrin-dependent posterior oriented cell 
and growth cone migration and further emphasize important upstream regulatory roles for 
Rho GTPases in the control of axon guidance receptor localization (Levy-Strumpf and 
Culotti, 2007; Watari-Goshima et al., 2007). Again, this rather unexpected upstream 
regulatory role must be carefully weighed when considering the outcome of Rho GTPase 
manipulations on axon guidance, especially because many earlier studies have assumed 
that, by their very nature as regulators of the actin cytoskeleton, the Rho GTPases 
function exclusively as downstream effectors of guidance signaling (Figure 1.1b).
 In addition to these positive regulatory mechanisms, the trafficking of SAX-3 
(Robo) and UNC-5 can also be negatively regulated with important outcomes for axon 
growth. A genetic screen in C. elegans for genes that could modulate UNC-6 (Netrin) 
signaling identified mutations in rpm-1, the C. elegans member of the conserved Pam/
Highwire/RPM protein family that plays important roles in presynaptic differentiation (Li 
et al., 2008a). In genetic backgrounds where sax-3 and unc-5 function is partially 
reduced, rpm-1 mutants lead to specific axon overgrowth and branching phenotypes, and 
SAX-3 and UNC-5 proteins show increased expression levels and altered localization. In 
the context of axon termination prior to synapse formation, RPM mediates two distinct 
outputs: one through a MAP (mitogen-activated protein kinase) kinase pathway and a 
second through GLO-4, a RAB (Ras-related in brain) GEF (guanine nucleotide exchange 
factor) implicated in vesicle trafficking (Grill et al., 2007). Genetic analysis indicates that 
the role of RPM-1 in regulating SAX-3 and UNC-5 function is dependent on GLO-4, 
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Figure 1.1 Trafficking guidance receptors to the growth cone plasma membrane 
(PM). (a) Both PKA activation and Rho inhibition positively regulate mobilization of an 
intracellular, vesicular pool of DCC. Increases in surface DCC lead to increases in Netrin 
responsiveness. (b) Positive and negative regulation of membrane expression of UNC-5, 
SAX-3, and UNC-40. RPM-1 activates GLO-4, a RAB GEF, which negatively regulates 
surface levels of UNC-5 and SAX-3. Activation of UNC-73, a MIG-2 (Rac) GEF, as well 
as activation of VAB-8, positively regulates surface levels of UNC-40 and SAX-3. 
Vesicles leaving the trans-Golgi network containing Robo are subjected to differential 
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trafficking depending on the presence or absence of Comm. Vesicles containing Comm 
along with Robo are sorted to the endosome, whereas those containing Robo alone are 
trafficked down the axon toward the growth cone.
11
again indicating an important role for protein trafficking in axon growth regulation (Li et 
al., 2008a) (Figure 1.1b).
1.2.2 Regulated Endocytosis and Axon Guidance Receptor Function
 As detailed above, regulating the delivery of guidance receptors to the growth cone 
plasma membrane can have profound influences on axon growth and guidance; therefore, 
it is not surprising that the regulation of receptor expression at the cellular level is not 
confined strictly to surface expression, but also includes regulated removal by 
endocytosis. In several cases, receptor endocytosis appears to be an obligate step in 
receptor activation that is evoked by ligand binding, whereas other examples point to the 
modulation of guidance responses by receptor endocytosis that is triggered by an 
independent pathway. Here we briefly consider a few examples of endocytosis as a 
prerequisite for receptor signaling; in particular, we discuss the role of the Rac specific 
GEF Vav2 in the regulation of Eph receptor endocytosis. In addition, we will highlight 
the role of protein kinase C (PKC) activation in the regulation of responses to Netrin 
through the specific endocytosis of the UNC5 receptor (Figure 1.2).
 Ephrin ligands and Eph receptors contribute to the guidance of retinal ganglion cell 
(RGC) axons in the visual system; specifically, EphB receptor mutations in mice result in 
a reduction in the ipsilateral projection to the dorsal lateral geniculate nucleus. Disruption 
of vav-2 and vav-3, members of the Vav family of Rac GEFs, leads to similar defects in 
the targeting of ipsilateral RGC axons in mice (Cowan et al., 2005). Unlike wild-type 
RGCs, growth cones of RGCs cultured from vav-deficient mice do not collapse in 
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response to ephrin. Surface labeling of Eph receptors in vav-deficient RGC growth cones 
reveals a selective deficit in Eph receptor endocytosis in response to preclustered ephrin-
A1 treatment, suggesting that endocytosis of activated Eph receptors at the growth cone 
is necessary to allow for proper forward signaling, leading to growth cone retraction 
(Cowan et al., 2005) (Figure 1.2b). A similar dependency on endocytosis to trigger axon 
retraction is observed in neurons responding to Sema-3A, where the L1 IgCAM, a 
component of the Sema receptor complex, mediates endocytosis of the Sema-3A 
holoreceptor in response to ligand binding (Castellani et al., 2004).
 In addition to contributing to receptor signaling, endocytosis can also modulate 
axon responses by regulating which receptors are expressed at the surface of the growth 
cone. This type of mechanism is best exemplified by regulated endocytosis of the 
repulsive Netrin receptor UNC5 in vertebrate neurons. Here, activation of protein kinase 
C (PKC) triggers the formation of a protein complex including the cytoplasmic domain of 
UNC5H1, protein interacting with C-kinase 1 (Pick1), and PKC and leads to the specific 
removal of UNC5H1 (but not DCC) from the growth cone surface. Reducing surface 
levels of UNC5H1 correlates with the inhibition of the Netrin-dependent collapse of 
cultured hippocampal growth cones (Williams et al., 2003). Furthermore, PKC activation 
leads to colocalization of UNC5A with early endosomal markers, supporting the idea that 
the observed inhibition of growth cone collapse is due to UNC5A endocytosis (Bartoe et 
al., 2006). Thus, PKC-mediated removal of surface UNC5 provides a means to switch 
Netrin responses from repulsion, mediated by either UNC5 alone or an UNC5-DCC 
complex, to attraction mediated by DCC. How then is this switch activated, or which 
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signals lead to the activation of PKC? Interestingly, recent evidence supports the model 
that the G protein- coupled Adenosine 2B (A2b) receptor is a likely mediator of PKC 
activation because activation of A2b leads to the PKC-dependent endocytosis of UNC5 
(McKenna et al., 2008). A2b is a Netrin receptor that, together with DCC, appears to be 
required to mediate axon attraction (Corset et al., 2000), although this proposal has been 
quite controversial, and other evidence indicates either that A2b plays no role in Netrin 
signaling (Stein et al., 2001; Bouchard et al., 2004) or that its role in Netrin signaling is to 
modulate Netrin responses (Shewan et al., 2002). In the context of UNC5 regulation, A2b 
acts independently of Netrin, and its ability to regulate UNC5 surface levels supports its 
role as a potent modulator of Netrin responses (Figure 1.2a).
1.2.3 Regulated Proteolytic Processing and Axon Guidance
 Another emergent theme in axon guidance is that proteolytic processing of both 
guidance ligands and receptors can have profound impacts on path finding. A role for 
proteolysis in axon guidance was supported by a number of early studies demonstrating 
that growth cones secrete proteases, and investigators proposed that cleavage of 
extracellular matrix components is required to advance through the extracellular 
environment (Krystosek and Seeds, 1981; Schlosshauer et al., 1990). Later, genetic 
screens for defects in axonal navigation at the midline in Drosophila, and subsequent 
cloning and characterization of mutated genes, implicated the Kuzbanian ADAM family 
transmembrane metalloprotease in the regulation of axon extension and guidance at the 
midline (Fambrough et al., 1996). Several additional studies have implicated ADAM 
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Figure 1.2 Regulated endocytosis in axon guidance. (a) Adenosine2b receptor (A2b) 
activity leads to PKC-dependent endocytosis of UNC5, which requires a physical 
interaction between PKC, Pick1, and the cytoplasmic domain of UNC5. This change in 
receptor composition at the plasma membrane leads to a switch in responsiveness to 
netrin from repulsion mediated by UNC5 alone, or by an UNC5/DCC complex, to 
attraction mediated by DCC. N, netrin. (b) The Vav family of Rac GEFs is required for 
endocytosis of ephrin ligand/Eph receptor complexes in retinal ganglion cell growth 
cones. Vav2 is recruited to the ephrin-stimulated juxta-membrane phosphorylated 
tyrosine of EphA and EphB receptors and then stimulates endocytosis. This endocytotic 
event is an obligate step in the forward signaling leading to growth cone retraction or 
repulsion.
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metalloproteases as well as matrix metalloproteases in contributing to axon guidance in 
vivo in both invertebrate and vertebrate nervous systems (Hehr, 2005; Chen et al., 2007).
Here, we focus our discussion on emerging links between these proteases, in particular 
Kuzbanian/ADAM10, and the regulated proteolysis of axon guidance receptors and their 
ligands.
 Several studies have implicated Kuzbanian/ ADAM10 activity in the signaling 
pathways of guidance receptors. For example, in Drosophila, mutations in kuzbanian 
(kuz) exhibit dose- dependent genetic interactions with Slit, the midline repulsive ligand 
for Robo receptors. Specifically, ectopic midline crossing of ipsilateral interneurons, a 
hallmark of defective midline repulsion, is observed in kuz zygotic mutant embryos and 
in embryos where both slit and kuz activity are partially reduced. This dose-dependent 
interaction supports the idea that Kuz may be a positive regulator of Slit-Robo signaling 
(Schimmelpfeng et al., 2001). Antibody staining for Robo1 in kuz mutants reveals that the 
midline phenotype is accompanied by a failure to exclude Robo1 protein expression from 
the midline-crossing portions of axons, which suggests that kuz activity may be necessary 
for exclusion from, but more likely clearance of Robo from, axons. Galko & Tessier-
Lavigne (2000) (Galko and Tessier-Lavigne, 2000)observed a similar effect on receptor 
expression in the context of metalloprotease-dependent ectodomain shedding of DCC. 
Specifically, blocking the function of metalloprotease activity results in enhanced DCC 
receptor expression at the membrane, suggesting that proteolytic cleavage regulates 
clearance of receptors from the plasma membrane. The outcome of preventing 
metalloprotease function in these two examples is opposite: Elevated levels of DCC 
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potentiate DCC’s ability to mediate Netrin-induced axon outgrowth, whereas Robo 
expression in axon commissures evidently reflects impaired receptor function. Together, 
the alteration in Robo receptor expression and the reduction in mid- line repulsion in kuz 
mutants raise the intriguing possibility that Kuz may regulate guidance by regulating the 
cleavage of Robo (Figure 1.3).
 Investigators have detailed more direct links between Kuz/ADAM10 and guidance 
molecule cleavage of Eph receptors and ephrin-A2 ligands. Eph receptors and their 
ephrin ligands are both capable of transmitting signals in the cell in which they are 
expressed: Eph receptor signaling is termed forward signaling, and ephrin ligand 
signaling is termed reverse signaling (reviewed in (Egea and Klein, 2007)). ADAM10 
forms a stable complex with ephrin-A2, and upon EphR interaction with ephrin-A2, the 
resulting ligand-receptor complex is clipped by selective ADAM10-dependent cleavage 
of ephrin-A2 (Hattori et al., 2000) (Figure 1.3). This model has been extended through 
the study of additional EphR/ephrin receptor/ligand pairs, and Janes et al. (2005) (Janes 
et al., 2005) have beautifully elucidated the molecular and structural basis for how 
cleavage events are restricted to only those ephrin ligands that are engaged by receptors. 
Ligand/receptor binding and formation of an active complex expose a new recognition 
sequence for ADAM10, resulting in the optimal positioning of the protease domain with 
respect to the substrate (Janes et al., 2005). The ligand dependence of the cleavage event 
provides an elegant explanation for how an initially adhesive interaction can be converted 
to repulsion and offers an efficient strategy for axon detachment and attenuation of 
signaling. Emerging evidence indicates that the matrix metalloprotease family can play a 
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similar role in converting ephrinB/EphB adhesion into axon retraction by specific 
cleavage of the EphB2 receptor (Lin et al., 2008). Thus, both ephrin ligands and Eph 
receptors can be substrates for regulated proteolysis, and these proteolytic events appear 
to be critical in mediating axon retraction. It will be interesting to see how widespread 
this mechanism is in controlling axon and dendrite retraction. For example, the Down 
Syndrome cell adhesion molecule (DScam) family of homophilic and adhesive axon and 
dendrite guidance receptors would be prime candidates for this mechanism of converting 
stable adhesion into retraction.
1.2.4 Processive Proteolysis: Gamma-Secretase and Guidance Receptors
 Kuzbanian (Kuz) was originally identified in Drosophila for its role in regulating 
Notch signaling during neurogenesis ((Rooke et al., 1996; Pan and Rubin, 1997). Kuz-
directed cleavage of Notch releases the extracellular domain and triggers the subsequent 
cleavage and release of the Notch intracellular domain (ICD) by the gamma-secretase 
complex. This second cleavage event releases Notch ICD from the membrane, allowing it  
to translocate to the nucleus where it acts as a transcriptional regulator (Mumm and 
Kopan, 2000). This well-characterized model of processive proteolytic cleavage of Notch 
is becoming increasingly relevant to an expanding list of type I transmembrane receptors, 
including axon guidance molecules (Beel and Sanders, 2008). More specifically, 
evidence is mounting for a common regulatory mechanism for DCC and a number of 
ephrin ligands in which metalloprotease-mediated ectodomain shedding is followed by 
intramembraneous gamma-secretase cleavage (Figure 1.3). These sequential cleavage 
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events produce an ectodomain fragment which is shed into the extracellular space and a 
C-terminal fragment (CTF) that is subsequently cleaved within the membrane to release 
the ICD (Selkoe and Wolfe, 2007).
 In the case of DCC, metalloprotease-dependent proteolytic fragments are detected 
in endogenous tissue and explant cultures (Galko and Tessier-Lavigne, 2000). 
Furthermore, detection of DCC fragments in mouse brain lysates that correspond in size 
to fragments engineered to estimate the size of presumptive DCC CTF is enhanced in 
Presenilin-1 (PS1) knockout mice (Taniguchi et al., 2003; Parent et al., 2005). 
Accordingly, in primary neural cultures from PS1 mutant mice, accumulation of surface 
DCC is enhanced. The functional significance of these processing events is underscored 
by the fact that accumulation of transmembrane forms of DCC in neuronal cells 
transfected with both full-length DCC and DCC-CTF is correlated with enhanced neurite 
outgrowth in the presence of a gamma-secretase inhibitor. This observation suggests a 
role for presenilin-mediated cleavage of DCC- CTF in attenuating the intracellular 
signaling process that drives neurite outgrowth (Parent et al., 2005). In addition to DCC, 
several ephrin ligands and Eph receptors appear to undergo a similar ADAM10/gamma-
secretase sequential proteolysis (Georgakopoulos et al., 2006; Taisuke Tomita, 2006; 
Litterst et al., 2007). As in the case of DCC, in vitro evidence supports the idea that these 
cleavage events lead to functional consequences for ephrin-EphR-dependent process 
extension (Figure 1.3).
 What is the in vivo significance of these processing events, and what is the fate of 
the released extracellular and ICD domains? Although in vivo evidence supporting 
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physiological roles for these gamma-secretase-directed cleavage events has yet to 
emerge, several observations from in vitro studies hint at potentially important regulatory 
activities of released receptor ICDs. In the case of Notch and APP, the ICD generated by 
gamma-secretase cleavage is translocated to the nucleus to control gene transcription 
(Selkoe and Wolfe, 2007). A chimeric version of DCC with a Gal4 DNA-binding domain 
inserted in its intracellular domain can initiate transcription in a gamma-secretase-
dependent manner, suggesting that like Notch ICD, DCC-ICD could be acting as a 
transcriptional regulator in mammalian cells (Taniguchi et al., 2003). In the case of 
ephrin’s ICD, in vitro evidence supports an additional model in which the released ICD 
can bind to and activate Src family kinases, thereby contributing to ephrin-dependent 
cytoskeletal rearrangement (Georgakopoulos et al., 2006) (Figure 1.3). An alternative 
possibility is that these cleavage events represent a mechanism to limit the duration of 
receptor signaling because, once the ICD is released from the full-length receptor, the 
spatial regulation of signaling conferred by directional detection of ligand would 
presumably be rapidly lost. If and how these processing events contribute to in vivo 
receptor function will be an important area of future research.
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Figure 1.3 Regulated proteolysis regulates guidance receptor function. (a) Processive 
proteolysis of a prototypical type I transmembrane (TM) protein, such as Notch or APP. 
Upon ligand binding, cleavage by an ADAM10 in the juxta-membrane region causes 
release of an N-terminal fragment into the extracellular space (ectodomain) and generates 
a C-terminal fragment (CTF) with a small extracellular stub. A second, constitutive 
cleavage by the gamma-secretase complex within the plane of the plasma membrane 
releases the intracellular domain (ICD). In the case of Notch, the ICD translocates to the 
nucleus, where it regulates transcription. (b) Regulated proteolysis of DCC occurs by 
ADAM10-mediated creation of a CTF, followed by gamma-secretase-mediated 
intramembraneous cleavage releasing DCC ICD. This ICD is competent to translocate to 
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the nucleus when fused to Gal4. The cleavage event by ADAM10 leads to attenuation of 
neuritogenesis in vitro. (c) Following ligand-receptor complex formation, ADAM10 
cleaves the ephrin-A5 ligand. This regulated proteolytic event leads to release from the 
initial cell-cell adhesion, allowing for growth cone retraction, and is necessary for the 
transduction of the EphA3 forward signal. (d ) Processive cleavage in the ephrinB/ephB 
system indicates that the released ephrinB ICD may activate SRC-family kinases to 
contribute to reverse signaling. On the other hand, cleavage of the EphB2 receptor, in this 
case by matrix metalloproteases, is required for activation in vitro. (e) Kuzbanian appears 
to act positively in the Slit-Robo signaling pathway. On the basis of genetic observations 
and the abnormal presence of Robo protein on the commissural portions of axons in kuz 
mutants, we speculate that Kuz may cleave Robo to regulate receptor activity.
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1.3 Axon Guidance receptors: Downstream Signaling Mechanisms
 Once guidance cues and receptors are correctly deployed and assembled into the 
appropriate combinations and complexes, they must activate signaling pathways to steer 
the growth cone. Although guidance receptor signaling mechanisms are incompletely 
understood, they are likely to act locally to modulate actin cytoskeletal dynamics in the 
growth cone, rather than by signaling to the cell body (Figure 1.4). Activation of specific 
signaling pathways can promote attraction or repulsion, result in growth cone collapse, or 
affect the rate of axon extension. How a given guidance signal is interpreted also depends 
on the activities of a number of second-messenger pathways within the cell, and these 
pathways are potent modulators of axon responses in vivo. Here we review recent 
insights into how specific guidance receptors from each of the four classic guidance 
pathways engage downstream regulators of the growth cone cytoskeleton with an 
emphasis on links to the Rho GTPases. This coverage is not intended to be an exhaustive 
treatment of this immense topic, and we frequently refer the reader to more in-depth 
reviews of particular aspects of guidance receptor signaling, especially in instances where 
direct links to guidance receptors are unclear, as is the case for many key actin regulatory 
proteins (Pak et al., 2008) (Figure 1.4). In addition, the important role of calcium 
signaling in directing growth cone responses has been recently reviewed and is not 
addressed in detail here (Gomez and Zheng, 2006; Zheng and Poo, 2007).
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1.3.1 Rho GTPases in Axon Growth and Guidance
 Rho-family GTPases, a subgroup of the Ras superfamily of small GTPases, have 
been extensively studied for their role in cell motility and regulation of cytoskeletal 
structures (Hall, 1998). Members of the Rho (Rac homology) family include well-studied 
members Rac, Cdc42, and RhoA, as well as several additional members whose roles in 
cytoskeletal dynamics are not as well understood. Seminal work in fibroblasts 
demonstrated that Cdc42 and Rac activity are associated with formation of protrusive 
structures, filopodia and lamellopodia, respectively, whereas RhoA promotes formation 
of stress fibers and focal adhesions (Hall, 1998). These classifications represent a 
simplistic view of the function of the GTPases in cytoskeletal dynamics, and considerable 
cross talk between these pathways occurs(Yuan et al., 2003). Rho family GTPases 
catalyze the hydrolysis of bound GTP to GDP, switching from active (GTP-bound) and 
inactive (GDP-bound) states. The activity of these GTPases has profound effects on actin 
cytoskeletal and microtubule dynamics. Considerable evidence has demonstrated the 
importance of Rho family GTPases in mediating axon guidance receptor signaling output. 
In this section, we discuss recent advances in our understanding of the role of Rho-family 
GTPases in axon growth and guidance, highlighting the many examples that challenge 
the overly simplistic view that Rho promotes repulsion and Rac and Cdc42 promote 
attraction. For more extensive discussion of the role of Rho GTPases in neuronal 
development, we refer the reader to several excellent reviews (Luo, 2000; Yuan et al., 
2003; Govek et al., 2005).
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 Guidance cues including Slits, Netrins, ephrins, and semaphorins can all influence 
the activity of Rho-family GTPases (Table 1.1). Slits, acting through Robo receptors, lead 
to decreased levels of active Cdc42 and increased RhoA and Rac activity (Wong et al., 
2001; Fan et al., 2003). Ephrins, through Eph receptors, result in increased RhoA activity 
as well, but they also cause transient, decreased Rac activity in RGCs (Wahl et al., 2000; 
Jurney et al., 2002). Sema treatment via plexin-B1 activates RhoA (Swiercz et al., 2002) 
and sequesters active Rac (Vikis et al., 2000; Hu et al., 2001); however, sema3A via 
plexin-A activates Rac but not RhoA (Turner et al., 2004). There is no general consensus 
for how Rho GTPases mediate repulsion because each of these repulsive guidance 
pathways influences RhoA, Rac, and Cdc42 activity in distinct ways. Netrin, through 
DCC, increases Rac activity in fibroblasts (Li et al., 2002b), increases Rac and Cdc42 
activity in rat commissural neurons (Shekarabi et al., 2005), and inhibits RhoA activity 
(Moore et al., 2008a) (Table 1.1).
 How are these diverse guidance signals couple to the Rho GTPases to affect their 
activity, and how do different patterns of Rho, Rac, and Cdc42 activation evoked by 
distinct repulsive signals all result in repulsion? To begin to answer these questions, 
mechanisms directly linking these receptors to activation of the GTPases need to be 
elaborated. Additionally, detailed analysis of the spatial and temporal activation of Rho 
GTPases using new methods that allow in vivo visualization of active GTPases promise 
to be particularly informative. The origins of distinct outputs may lie in the specificity of 
downstream Rho/Rac/Cdc42 effectors that modulate peripheral retrograde actin flow, 
myosin contractility, and microtubule dynamics. Our understanding of the precise 
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mechanisms by which Rho GTPases exert control over growth cone dynamics through 
these effectors is rapidly advancing. In the following sections we discuss how guidance 
receptors are linked to Rho GTPase activation, and how these pathways in turn result in 
modulation of cytoskeletal dynamics. 
1.3.2 Linking Guidance Receptors to Regulation of Rho GTPases: Rho GEFs and GAPs
 The primary regulators of Rho GTPase cycling and activity are the Rho family 
GEFs (gua- nine nucleotide exchange factors) and GAPs (GTPase activating proteins). 
The number of GEFs and GAPs encoded in most genomes far exceeds the number of Rho 
GTPases, suggesting that upstream regulation is likely to provide tissue-specific, as well 
as temporal control of Rho GTPase signaling during growth cone guidance. Guidance 
receptors can directly regulate Rho GTPases: For instance, plexin-B binds directly to 
Rac, presumably sequestering Rac from its effector PAK, thereby inhibiting its activity 
(Vikis et al., 2000; 2002). However, this mechanism of direct regulation of GTPases 
through interaction with receptors appears to be more of an exception than the rule. Thus, 
identifying the GEFs and GAPs that function downstream of a given guidance receptor is 
critical to understanding the mechanism of guidance receptor signal transduction. Recent 
insights into Eph/ephrin regulation of Rho GTPases in the mouse and Slit/Robo 
regulation of Rho GTPases in Drosophila have suggested common themes in how 
repulsive signals coordinately regulate multiple Rho GTPases.
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α-Chimaerin in Eph Receptor Signaling
 Identification of individual Rho GTPase regulators that are essential mediators of 
guidance receptor signaling pathways is complicated by at least three major factors: (a) 
Redundancy can obscure important functions, (b) individual GEFs and GAPs can act in 
multiple signaling pathways, and (c) GEFs and GAPs often contribute to only part of any 
given signaling output. However, in at least one instance, a single Rac GAP functions as a 
critical downstream component of a guidance receptor pathway. Work from several 
groups identified the Rac-GAP α-chimaerin as an essential mediator of the ephrinB3/
EphA4 guidance pathway in vivo. Mutations in either the ligand ephrinB3 or the receptor 
EphA4 result in mice with a characteristic hopping gait phenotype that occurs at least in 
part because of misrouting of interneuron axons of the mammalian locomotory central 
pattern generator (CPG), the circuit necessary for coordinating alternating limb 
movement (Kullander et al., 2003). These wiring defects are caused by a loss of 
ephrinB3/EphA4 forward signaling and can be attributed to a failure of axons to respond 
to midline ephrins, resulting in abnormal midline recrossing (Kullander et al., 2001). 
Incredibly, mutations in α-chimaerin result in phenotypes almost identical to ephrinB3 −/
− or EphA4 −/− mice, including the locomotory behavior phenotype (Beg et al., 2007; 
Iwasato et al., 2007; Shi et al., 2007; Wegmeyer et al., 2007). Tract-tracing experiments 
in α-chimaerin mutants reveal that the corticospinal tract axons that control voluntary 
movements and commissural interneurons aberrantly cross the midline, whereas 
structures that require ephrinB3 reverse signaling, such as the corpus callosum, are 
unaffected. Together, the similarities of phenotypes among ephrin B3 −/−, EphA4−/−, 
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and α-chimaerin mutants, the observation that mice lacking one copy of EphA4 and one 
copy of α-chimaerin exhibit α-chimaerin mutant phenotypes, and the demonstration that 
α-chimaerin is a necessary mediator of ephrinB3/EphA4-induced growth cone collapse in 
cultured neurons strongly argue that this GAP functions as a necessary mediator of ephrin 
forward signaling Beg:2007jc, Shi:2007jt, Wegmeyer:2007ch, Iwasato:2007iv}.
 How does α-chimaerin function in EphA4 repulsion? The α2-chimaerin isoform 
contains two interaction domains for EphA4, the N-terminal SH2 domain, which can 
interact with phosphorylated juxtamembrane tyrosines of EphA4, and a second region in 
the C-terminus that constitutively interacts with the kinase domain of EphA4. EphA4-
dependent tyrosine phosphorylation of α2-chimaerin occurs in response to ephrin B3, and 
this treatment increases the Rac-GAP activity of α-chimaerin (Shi et al., 2007). In 
addition, α-chimaerin’s diacylglycerol (DAG)-binding C1 domain is very likely to 
regulate the GAP activity of α2-chimaerin, as indi- cated by the crystal structure of the 
closely related β2-chimaerin. The GAP domain in β2-chimaerin is occluded by the N-
terminal SH2 motif, mediated by intramolecular interactions with the C1 domain, and 
ligand binding to the C1 domain is predicted to result in exposure of the Rac-GAP 
domain(Canagarajah et al., 2004). Thus, increases in DAG production (by phospholipase 
signaling, for instance) would be expected to increase the Rac-GAP activity of α2-
chimaerin. Similarly, SH2-mediated interactions with receptors may free the GAP domain 
for Rac inhibition. It remains to be determined how interaction with EphA4 influences 
α2-chimaerin GAP activity, and to resolve whether input from kinase or phospholipase 
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signaling plays a role in refining signaling downstream of Eph receptors, thereby 
influencing connectivity of the CPG.
 Although a reduction in Rac activity is clearly required to mediate ephrin-A-
induced collapse, Rac activation also appears, paradoxically, to be necessary for 
responses to ephrins. Interference with Rac signaling blocks growth cone collapse in 
response to both semaphorins and ephrins (Jin and Strittmatter, 1997; Kuhn et al., 1999; 
Västrik et al., 1999; Jurney et al., 2002). Although decreases in Rac activity are observed 
following ephrin stimulation, reactivation of Rac is temporally correlated with growth 
cone collapse. Rac activity appears to be required for endocytosis; semaphorin 3A or 
ephrin treatment of retinal growth cones results in Rac-dependent endocytosis, which 
appears to mediate contact repulsion. Specifically, for class B Eph/ephrins, bidirectional 
endocytosis occurs as the ephrin ligand and the Eph receptor are each internalized in trans 
to neighboring cells in a process that depends on their cytoplasmic domains as well as 
Rac activity (Marston et al., 2003; Zimmer et al., 2003). As discussed earlier, the 
conserved Vav subfamily of Dbl GEFs plays a central role in this process, which appears 
to be instrumental for growth cone retraction (Cowan et al., 2005). Ephrins also function 
through Rho activation, and this activation appears to be mediated by the Dbl family Rho 
GEF ephexin. Ephexin activates RhoA, Rac, and Cdc42, but activation of the EphA 
receptor results in preferential activity toward RhoA (Shamah et al., 2001). In mice, the 
ephexin family has five members, two of which-ephexin1 and ephexin5 (Vsm-Rho-
GEF)-are expressed in the mouse brain (Ogita et al., 2003; Sahin et al., 2005). 
Ephexin1−/− mice have no phenotypic abnormalities, but cultured RGC axons derived 
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from these mice are deficient in growth cone collapse in response to ephrin-A1 and 
exhibit axon outgrowth deficits as well. Additionally, in chick lateral motor column 
neurons, which normally stall in response to ephrin-A5 prior to entering limb mesoderm, 
sh-RNA-mediated knockdown of chick ephexin (c-ephexin) results in premature entry of 
these axons into the limb mesoderm. c-Ephexin being the only ephexin family member 
expressed in these neurons suggests that ephexin is required to trigger the response to 
ephrin-A5, and that redundancy could explain the lack of guidance defects in ephexin1−/
− mice. Ephexin1/ephexin5 double mutants could help to address this question, although 
the positive role of ephexin in axon outgrowth could confound the interpretation of these 
experiments.
GEFs and GAPs Linking Slit-Robo Signaling to the Regulation of Rac Activity
 Although inhibition of Rac is often thought to accompany repulsive guidance 
decisions, recent evidence suggests that activation of Rac may also be involved in 
mediating responses to repulsive cues, as we have seen for the role of Rac in ephrin/EphR 
endocytosis and growth cone retraction. In the context of Slit-Robo-mediated repulsion, 
for example, recent biochemical and genetic evidence suggests that activation of Robo 
receptors by Slit leads to activation of Rac (Wong et al., 2001; Fan et al., 2003) and that 
limiting Rac function reduces the efficiency of Slit-Robo signaling (Hakeda-Suzuki et al., 
2002; Fan et al., 2003). Recent evidence indicating that both Rac GAPs and GEFs 
regulate Robo repulsion gives insight into the complex regulation of Rho GTPases 
needed for effective guidance decisions.
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 A conserved Rho family GAP, Vilse/CrGAP, was identified in Drosophila as a 
regulator of Slit-dependent guidance decisions in both CNS axons at the midline and in 
tracheal cells (Lundström et al., 2004; Hu et al., 2005). Loss of function of vilse/crGap 
enhances both tracheal and axon guidance defects in genetic backgrounds where slit and 
robo functions are limited, indicating that it normally functions as a positive regulator of 
Slit repulsion. Vilse/crGAP, however, specifically antagonizes Rac function both in vivo 
and in vitro. Overexpression of Vilse/crGAP suppresses the gain of function phenotype of 
Rac, but not Rho, in the Drosophila compound eye and enhances midline guidance 
defects caused by expression of a dominant-negative Rac, but not by a dominant-negative 
Cdc42 (Hu et al., 2005). In axons, high levels of Vilse/crGAP overexpression cause 
similar defects to those present in robo loss-of-function mutants, and low levels of 
overexpression cause dosage-dependent defects in Slit-Robo repulsion similar to loss of 
function of vilse/crGap (Hu et al., 2005). Thus, the consequences of increasing or 
decreasing vilse/crGap function are similar: Both lead to a compromise in the efficiency 
of Slit-Robo midline repulsion.
 How can Vilse/crGAP act as both a positive and a negatve regulator of Slit-Robo 
axon repulsion? The interaction of Vilse/crGAP with Robo may be regulated in different 
subcellular contexts or during distinct stages of Slit-Robo repulsion. A clue may come 
from the localization of Vilse/crGAP in response to Slit. Treatment of Robo and Vilse/
crGAP-expressing cells with Slit causes Vilse/crGAP to leave the cell membrane and 
localize to the cytoplasm, thus this relocalization may relieve Rac inhibition at the 
receptor and allow subsequent activation of Rac by GEFs (M. Li & G. Bashaw, 
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unpublished results). Although regulation of GAP activity of Vilse/crGAP could account 
for the observed increase in Rac-GTP following Robo receptor activation, loss-of-
function mutants for vilse/crGap lead to only very subtle defects in midline repulsion. 
Considering that Rac activity is required for midline repulsion in the Drosophila CNS, 
additional regulators should link Robo to Rac activation in these neurons. The dual Ras-
Rho GEF Sos is a likely candidate, on the basis of its CNS expression, its genetic 
interaction with slit and comm mutants (Fritz and VanBerkum, 2000), and its interaction 
with the adaptor protein Nck (Dock in Drosophila), which binds to Robo and recruits 
PAK in Drosophila (Fan et al., 2003).
 It has recently been demonstrated that sos zygotic mutants display mild defects in 
midline repulsion, and these defects can be significantly enhanced through genetic 
removal of one copy of slit or robo. Sos functions primarily through Rac in midline axon 
guidance; heterozygosity for one of three rac-like genes significantly enhances sos 
mutant defects in midline repulsion, whereas rho-homozygous mutants only mildly 
enhance this phenotype(Yang and Bashaw, 2006). Sos interacts with Robo by binding to 
the adaptor, Dock. In response to Slit treatment, the normally cytoplasmic Sos is recruited 
to the plasma membrane, where it colocalizes with Robo. This presumably leads to Rac 
activation because membrane ruffling and lamellipodia formation, which are hallmarks of 
Rac activation, occur in cultured human 293T cells treated with Slit (Yang and Bashaw, 
2006).
 On the basis of this work and that described for ephrins/EphRs, we can draw 
considerable parallels in how these repulsive guidance pathways regulate Rac activity. 
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Each pathway uses a Rac GAP (Vilse/crGAP for Robo and α-chimaerin for Ephs) and a 
Rac GEF (Sos for Robo and Vav for Ephs) to mediate repulsion. In the context of 
repulsion, Rac cycling appears to be more important than the overall levels of Rac-GTP 
in a responding growth cone (reminiscent of the observation that cycling is required for 
malignant transformation, GEFs can transform cells, whereas constitutively active Rho 
GTPases cannot). Alternatively, these GAPs and GEFs may represent distinct steps in the 
repulsive signal transduction output, as in the example of Eph receptors where Vav-
family GEFs likely mediate endocytosis of the ligand-receptor complex through Rac 
activation (Cowan et al., 2005). Rac activation in the case of Robo receptors may precede 
internalization, and intracellular accumulations of Sos and Robo have been observed in 
cultured cells (L. Yang & G. Bashaw, unpublished observations). Thus, parallel 
mechanisms of repulsion may exist in these distinct ligand-receptor systems, although 
unlike Eph/ephrin repulsion via ephexin, no Rho GEF has yet been described for Slit/
Robo repulsion.
Plexin A1 and the Activation of Rac For Repulsion
In contrast to the mechanism of plexin-B1 activation via Rac sequestration and RhoA 
activation (Hu et al., 2001; Swiercz et al., 2002), growth cone collapse induced by 
sema3A requires activation of Rac. Plexin-A1, together with neuropilin, transduces 
guidance signals from class 3 semaphorins, leading to Rac activation (Turner et al., 
2004), Rnd1 recruitment (Zanata et al., 2002), and reduction in R-Ras activity (Toyofuku 
et al., 2005). A recent study has implicated the FERM (protein 4.1, Ezrin, Radixin, 
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Moesin domain) domain-containing Rac GEF, FARP2, in mediating sema3A-induced 
Rac activation and growth cone collapse in dorsal root ganglia neurons (DRGs) 
(Toyofuku et al., 2005). In the absence of semaphorins, FARP2 interacts with plexin-A1. 
Sema3A treatment of transfected HEK293 cells causes dissociation of FARP2 from 
plexin-A and coincident recruitment of Rnd1, as well as increases in active Rac and 
reduction in active R-Ras through a process dependent on FARP2 GEF activity. 
Inhibiting FARP2 function, by siRNA or expression of dominant-negative forms, blocks 
sema3A-induced Rac activation, growth cone collapse, and repulsion of DRG axons 
(Toyofuku et al., 2005). Sema3A also appears to regulate cell adhesion through FARP2-
mediated sequestration of PIPKIγ661 from talin and reduction of PtdIns(4,5)P2, resulting 
in suppression of adhesion. It is unclear at present whether Rac-GTP binds to plexin-A1, 
as it does in the case of plexin-B1, and thus how activation of Rac results in Rnd1 recruit- 
ment and R-Ras downregulation. We await future work to elaborate this pathway using in 
vivo studies to determine whether loss of function for FARP2 mimics phenotypes of 
sema3A-plexin-A1 deficiency.
Netrin Attraction: GEFs Linking DCC to the Rho GTPases
 Several lines of evidence indicate that Netrins induce outgrowth and attractive 
turning via the DCC family of receptors at least in part by regulating Rho GTPases. 
Outgrowth of commissural axons in response to Netrin requires Rho GTPase activity, and 
DCC-dependent neurite outgrowth in N1E-115 cells requires the activity of both Rac1 
and Cdc42 (Li et al., 2002b). In addition, mutations in the Rac gene ced-10 in C. elegans 
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partially suppress defects caused by expression of a constitutively active form of the 
DCC receptor homolog, Unc-40 (Gitai et al., 2003). Netrin induces rapid activation of 
Rac1, Cdc42, and PAK1, which may occur in a complex containing the constitutive 
components DCC and Nck-1, as well as Netrin-induced components, Rac1, Cdc42, 
PAK1, and N-WASP (Shekarabi and Kennedy, 2002; Li et al., 2002a; Shekarabi et al., 
2005). Activation of this complex by Netrin causes profound changes in growth cone 
morphology, leading to increased surface area and a greater number of filopodia. Netrin 
treatment increases the amount of a nonhydrolyzable GTP analog, GTPγS, bound to Rac 
and Cdc42 in commissural neurons, suggesting that one or more GEFs may be associated 
with this complex to drive the observed increases in Rac and Cdc42 activity.
 Although investigators have not identified a candidate GEF that is committed to 
Netrin-DCC signaling in all contexts, recent work suggests that in at least certain cell 
types, the Trio GEF may fulfill this function. Trio is an important regulator of axon 
guidance decisions in several contexts (Liebl et al., 2000; Newsome et al., 2000b); 
however, direct evidence that Trio functions downstream in a particular pathway has been 
elusive. Trio contains two Rho GEF domains, one with specificity for Rac and RhoG and 
another that activates RhoA. Trio positively contributes to midline axon crossing in the 
embryonic CNS in Drosophila and can physically interact with Frazzled (Forsthoefel et 
al., 2005) and with mammalian DCC (Briançon-Marjollet et al., 2008), although in the 
latter case the interaction is likely mediated through binding to PAK-1. Genetic removal 
of Trio in mice reduces Netrin-dependent outgrowth responses in both cortical and dorsal 
spinal neurons. In cortical neurons from Trio −/− mice, Netrin stimulation does not result 
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in Rac activation, whereas in WT mice these neurons normally display DCC-dependent 
Rac activation in response to Netrin (Briançon-Marjollet et al., 2008). Trio −/− mice also 
display a variety of CNS axon guidance defects, which partially overlap with defects seen 
in Netrin or DCC −/− mice, suggesting that Trio can account for a portion of the function 
of Netrin-DCC signaling in midline axon guidance (Briançon-Marjollet et al., 2008). 
However, the commissural axon guidance defects in Trio−/− mice are considerably 
milder than those seen in Netrin or DCC −/− mice, indicating that at least one or more 
additional factors must be present in these neurons to mediate Netrin-dependent midline 
attraction.
 The CZH (CDM, zimzimin homology containing) family GEF, DOCK180, also 
appears to contribute to Netrin-DCC attraction in mouse cortical and commissural 
neurons by mediating Rac activation. Through siRNA knockdown approaches, Li et al. 
demonstrated that DOCK180 is required for dissociated cortical neuron outgrowth in 
response to Netrin and for commissural neuron turning in explant assays (Li et al., 
2008b). Knockdown of DOCK180 in chick spinal cords also reduces commissural axon 
crossing. Netrin can induce both axon outgrowth and attractive axon turning; therefore, it 
is unclear in these assays whether commissural neuron turning defects are a secondary 
consequence of defects in axon outgrowth (Li et al., 2008b). It is also unclear whether 
Trio and DOCK180 function in the same or a parallel pathway to mediate Netrin-
dependent Rac activation downstream of DCC. Each could act in independent contexts to 
activate Rac because both Trio and DOCK180 can interact with DCC. Because Rac is 
recruited to DCC in response to Netrin, interaction of either Trio or DOCK180 with DCC 
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may be sufficient to activate Rac upon recruitment to the complex. Additionally, because 
Cdc42 activation is also required for attraction via DCC, identifying additional GEFs that 
regulate this GTPase will add to our understanding of Netrin-DCC regulation of Rac and 
Cdc42 activity.
1.3.3 Rho-Family Effectors: p21 Activated Kinase (PAK)
 In motile cells, activation of Rho GTPases results in modulation of cytoskeletal 
dynamics via effector proteins, and one of the best characterized of these is the dual 
Cdc42/Rac effector, p21-activated kinase (PAK) (Bokoch, 2003)). A well-established 
pathway of PAK activation via Cdc42 or Rac results in inhibition of the actin 
depolymerizing factor cofilin by activating its inhibitor, LIM kinase (Bernstein and 
Bamburg, 2010). Other notable targets of PAK include the myosin activator, myosin light 
chain kinase (MLCK), and the microtubule destabilizing protein, Op18/stathmin, which 
are each inhibited by PAK phosphorylation (Sanders et al., 1999; Daub et al., 2001). PAK 
is required for Drosophila photoreceptor axon targeting in conjunction with the Rac/Rho 
GEF Trio and the SH2/SH3 domain-containing adaptor protein, Dock (Nck) (Hing et al., 
1999; Newsome et al., 2000a). Dock and PAK function in a common pathway and are 
required cell autonomously in Drosophila olfactory neurons for proper glomerular axon 
targeting (Ang et al., 2003). 
 GTP-bound Rac and Cdc42 regulate PAK activity through binding to its Cdc42/Rac 
interactive binding (CRIB) domain, relieving auto-inhibition of PAK by its N-terminal 
domain (Lei et al., 2000; Buchwald et al., 2001). A few examples suggest PAK likely 
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functions downstream of Rac/Cdc42 in axon guidance. Drosophila pak, dock, and rac 
each function in midline axon repulsion and interact genetically with the Slit/Robo 
pathway. Expression of a constitutively membrane-targeted PAK suppresses defects 
caused by rac loss of function (Fan et al., 2003), which suggests that these Rac-
dependent defects likely occur through loss of PAK regulation. PAK overexpression in 
Drosophila mushroom body neurons also results in axon growth and guidance defects, 
and these can be suppressed through genetic removal of one copy of cdc42 or one copy of 
each of two Drosophila rac genes (Ng and Luo, 2004). In C. elegans, there are three rac 
genes (mig-2, ced- 10, and rac-2) and three pak genes, two of which, pak-1 and max-2, 
are expressed in the nervous system. Mutation of max-2 results in misrouting of ventral 
cord commissural motor neurons, and removal of pak-1 enhances these defects. 
Expression of a constitutively active version of the Rac, Mig-2, results in misrouting of 
these axons, and this phenotype is suppressed in pak-1 mutants, suggesting that pak-1 
functions in the same pathway as Rac in dorsal guidance of these neurons (Lucanic et al., 
2006).
 Both Cdc42 and Rac likely also function through pathways independently of PAK, 
particularly in axon growth; expression of Rac mutants that are unable to bind PAK 
rescues axon growth defects and partially rescues axon guidance defects caused by rac 
loss of function in Drosophila mushroom body neurons (Ng et al., 2002). Overexpression 
of Rac or Cdc42 in Drosophila motor neurons results in outgrowth or guidance defects, 
respectively. Whereas the guidance defects caused by Cdc42 overexpression are 
suppressed by mutating the PAK interaction motif of Cdc42, the growth defects caused 
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by Rac gain of function are not (Kim et al., 2003). Taken together, these in vivo studies 
suggest that regulation of outgrowth via Rac can occur through a PAK-independent 
mechanism; however, guidance mediated through Rac and Cdc42 at least partly involves 
PAK function.
1.3.4 Rho-Family Effectors: LIM Kinase
How does regulation of PAK lead to modulation of actin dynamics in axon growth and 
guidance? Recent evidence, in agreement with biochemical studies and evidence from 
fibroblasts, suggests that this occurs by regulating the actin depolymerizing factor, 
cofilin, by modulating the activity of the serine/threonine kinase, LIMK (lin-11, Isl-1, and 
Mec-3 kinase) (Sarmiere and Bamburg, 2004). Cofilin destabilizes F-actin through 
pointed-end severing of actin filaments (Figure 1.4), although this activity may be 
necessary to maintain the supply of monomeric G-actin, thus promoting actin 
polymerization. This activity is inhibited by phosphorylation at the N-terminal Ser3; 
Phosphorylation at this site is reciprocally regulated by the LIM and TES kinases and by 
the Sling- shot phosphatase (Ssh) (Arber et al., 1998; Yang et al., 1998; Niwa et al., 
2002). Evidence suggests that in some cases the rate of cycling between phosphorylated 
and nonphosphorylated states, rather than the absolute level of either species, can 
determine the influence of cofilin on actin dynamics (Meberg et al., 1998; Aizawa et al., 
2001). In Drosophila, cells deficient for ssh display dramatic increases in F-actin, as well 
as morphological defects (Niwa et al., 2002). How LIM kinase and slingshot function in 
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concert to regulate growth cone dynamics by regulating cofilin is of great interest in 
understanding receptor-mediated guidance.
 Ng & Luo (2004) recently addressed this question through an in vivo analysis of the 
pathways regulating axon growth in Drosophila mushroom body neurons. In neurons 
lacking the sole Drosophila cofilin homolog, twinstar (tsr), axons frequently stall, and 
axon shafts in these neurons have excessive protrusions reminiscent of filopodia and 
lamellipodia. These findings suggest that cofilin function, likely through actin 
depolymerization, is required to limit these structures and, in turn, promotes axon growth. 
Neither a non-phosphorylatable (S3A) nor a phosphomimetic (S3E) version of tsr, nor 
both in combination, rescues these axon growth phenotypes as effectively as does WT tsr, 
suggesting that cycling of cofilin is required for promoting axon growth. LIMK 
antagonizes, while Slingshot promotes, tsr/cofilin function in these neurons. LIMK, in 
turn, is activated in these neurons by both the Rho1/ROCK pathway as well as the Cdc42/
Rac/PAK pathway because genetic reduction of components of either of these pathways 
suppresses growth defects resulting from LIMK overexpression or ssh loss of function. 
This finding suggests that these pathways converge to regulate twinstar/cofilin, consistent 
with previous reports that morphological changes in growth cones associated with 
changes in cofilin phosphorylation occur via ROCK- (Gehler et al., 2004) or ROCK/
PAK-dependent (Aizawa et al., 2001) pathways.
 In apparent contrast to the negative role in axon outgrowth described above, LIMK 
also appears to mediate both axon outgrowth and attraction in certain contexts. RNAi-
mediated inhibition of LIMK1/LIMK2 blocks NGF (nerve growth factor)-induced neurite 
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outgrowth of PC12 cells and axon outgrowth of chick DRG neurons (Endo et al., 2007). 
Furthermore, BMP7-induced Xenopus spinal growth cone turning requires LIMK 
activity; a cell-permeable peptide (S3) containing serine 3 of Xenopus ADF/Cofilin 
blocks the normal attractive response in these neurons (Wen et al., 2007). A gradient of 
phosphorylated cofilin accompanies the attractive response to BMP7, and repulsive 
responses from the same ligand are mediated by Ssh activity, demonstrating that distinct 
responses can be generated through activities converging on a single actin regulator. 
These results also imply that inhibition of cofilin via LIMK is required for growth cone 
attraction in certain contexts (Wen et al., 2007). However, at present, the precise role of 
guidance-receptor pathways in regulation of cofilin through LIMK and Ssh remains 
unresolved. 
1.3.5 Rho-Family Effectors: Rho Kinase (ROCK)
 Stimulation of RhoA results in activation of Rho kinase. Rho kinases (ROCK or 
Rok) are serine/threonine kinases that, similar to PAK, regulate LIMK(Ohashi et al., 
2000). Additionally, Rho kinases can regulate myosin activity through the 
phosphorylation of myosin light chain (MLC), which results in activation and increased 
actin-myosin contractility. Inhibition of Rho-kinase blocks growth cone turning induced 
by a gradient of lysophosphatidic acid (LPA), which acts through G protein–coupled 
receptors to activate RhoA (Yuan et al., 2003). Also, a gradient of the Rho-kinase 
inhibitor, Y-27632, is sufficient to induce growth cone turning, and this action is blocked 
in the presence of an MLC kinase inhibitor, ML-7, suggesting that these pathways 
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cooperate to regulate myosin- dependent turning. In contrast, ML-7 switches LPA-
induced repulsion to attraction, indicating that activation of a myosin-independent 
pathway by LPA/RhoA results in attraction. This Rho-dependent attractive pathway may 
be mediated by diaphanous, a Formin family member (a family of linear actin filament 
nucleating proteins) (Arakawa et al., 2003) (Figure 1.4). Rho kinase also indirectly 
regulates myosin activity by phosphorylating and inhibiting the MLC phosphatase 
(MLCP) (Feng et al., 1999). This and other studies suggest that ROCK activity is 
necessary for RhoA-induced retraction, likely through regulation of myosin II (Zhang et 
al., 2003). In contrast to proposed models of Rho/ROCK regulation of Myosin in growth 
cone retraction (Huber et al., 2003), modulation of Rho or ROCK do not appear to affect 
retrograde flow of actin in the peripheral domain of a growth cone. Instead, inhibition of 
Rho or ROCK prevents the stability and contraction of actin arcs, which are filamentous 
actin structures that form in the transition zone of growth cones and affect microtubule 
bundling and dynamics (Schaefer et al., 2002; Zhang et al., 2003) (Figure 1.4).
 Are MLC and MLCP the only relevant targets of ROCK in growth cone turning? 
Although ROCK can phosphorylate LIMK to regulate cofilin activity, this has yet to be 
demonstrated in the context of an axon guidance decision. ROCK also phosphorylates the 
collapsin response mediator protein-2 (CRMP-2) after LPA or ephrin-A5 stimulation, 
inhibit- ing its ability to bind tubulin heterodimers. CRMP-2 normally promotes axon 
outgrowth and branching, presumably by nucleating and promoting microtubule 
assembly. The same residue in CRMP-2 that is targeted by ROCK downstream of LPA 
and ephrin A5 is phosphorylated by Cdk5 downstream of sema3a- induced growth cone 
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collapse (Brown et al., 2004; Arimura et al., 2005), suggesting that independent signaling 
pathways can converge on the regulation of CRMP-2 phosphorylation.
1.3.6 Direct Cytoskeletal Regulators
Most of the work to date in elucidating guidance receptor signaling has centered on the 
receptor-associated proteins and their downstream effectors. Ultimately, though, the 
output of these pathways must converge on the modification of the growth cone 
cytoskeleton to affect axon pathfinding. In the following section, we highlight recent 
evidence where guidance pathways converge on direct regulators of the actin and tubulin 
cytoskeleton. 
Regulation of Myosin II 
 Myosin II activity is primarily regulated by phosphorylation at an N-terminal 
serine residue in Myosin regulatory light chain (MRLC) (Vicente-Manzanares et al., 
2009). Phosphorylation at this residue increases motor activity by inducing a 
conformational change in myosin heavy chain (MHC)(Suzuki et al., 1978).  Myosin light 
chain kinase (MLCK) (Goeckeler and Wysolmerski, 1995), PAK (Chew et al., 1998), and 
ROCK (Amano et al., 1996; Kureishi et al., 1997) can each phosphorylate MRLC at this 
residue, while myosin light chain phosphatase (MLCP) dephosphorylates this residue 
(Pato and Adelstein, 1983).   A role for PAK in the regulation of myosin has not been 
demonstrated in the context of axon guidance decisions, but recent evidence suggests that 
PAK may function via activation of MRLC in dendritic spine formation in hippocampal
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Figure 1.4 The growth cone cytoskeleton: structural components and regulatory 
proteins. (a) Filopodial actin dynamics. Guidance cues (netrin and Slit) may regulate the 
activity of Ena/VASP (ena) proteins, which in turn promote filament elongation either by 
antagonizing capping protein (CP) or by barbed-end G-actin addition (gray circles, bound 
to profilin, pf). Diaphanous-related formins (F) act as actin nucleators and promote 
barbed-end addition of G-actin, in addition to inhibiting CP. (b) Actin dynamics in the 
lamellipodium. Ena/VASP antagonizes Arp2/3-dependent filament branching, promoting 
filopodia formation. Cofilin severs actin filament pointed ends, providing a fresh pool of 
actin monomers. Rac/Cdc42 inhibit cofilin function through PAK/LIMK, whereas Ssh 
activates cofilin. Myosin-II (myo)-dependent retrograde actin flow toward the central 
domain is regulated by myosin light chain kinase (MLCK) and myosin light chain 
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phosphatase (MLCP). (c) Actin/microtubule dynamics in the growth cone central domain. 
Rho/ROCK regulate myosin-dependent actin arc contractility. Myosin also promotes 
actin filament severing, as well as microtubule bundling. Microtubule advancement is 
regulated by retrograde actin flow in addition to microtubule-associated proteins (MAPs), 
such as the +TIP protein, orbit/CLASP.
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neurons (Zhang et al., 2005).   A role for MLCK in axon guidance has been demonstrated 
in cultured neurons (Yue et al., 2008) chick hindbrain motor neurons (Murray et al., 
2010) and in Drosophila midline axon guidance.  At the Drosophila midline, expression 
of constitutively active MLCK leads abnormal midline crossing and this effect is 
enhanced when Slit/Robo signaling is limited.  In contrast, heterozygous loss of frazzled 
suppresses these defects, as do mutants in myosin regulatory light chain or myosin heavy 
chain (Dorsten et al 2007; Kim et al 2002).  Taken together, these results suggest that 
regulation of myosin via MLCK is important for both Slit-Robo and Netrin-Frazzled 
signaling, though the mechanism by which this occurs is currently unknown.  
 While ROCK and Rho, as mentioned above, do not affect retrograde actin flow 
(Zhang et al., 2003), modulating myosin II activity through interference with MLCK 
affects both actin arc dynamics and retrograde flow.  Indeed, myosin II activity accounts 
for roughly half of the rate of retrograde actin flow, as demonstrated by fluorescent 
speckle microscopy in Aplysia growth cones under application of the specific myosin II 
inhibitor, blebbistatin.  In addition to regulating retrograde flow, myosin II functions to 
induce actin bundle severing at the interface of growth cone peripheral and transition 
zones, thus limiting actin bundle length (Medeiros et al., 2006).   As MLCK is regulated 
by Ca2+ /Calmodulin and various guidance pathways can affect Ca2+ signaling, it will be 
interesting to determine whether activation of guidance pathways directly regulate 
MLCK/myosin II through Ca2+ /Calmodulin signaling in the context of axon guidance 
(Tan et al., 1992; Zheng and Poo, 2007).  
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1.3.7 Actin Filament Regulators
Investigators working in various systems have posited a role for regulators of the actin 
cytoskeleton in maintaining growth cone motility as well as mediating guidance decisions 
(Kalil and Dent, 2005); however, studies directly linking guidance receptors to the 
regulation of these cytoskeletal modulators are lacking.  In this section we highlight 
recent advances in regulation of actin modulators, with particular emphasis on the 
regulation of actin filament elongation through Enabled/VASP, Diaphanous related 
formins (DRFs) and the flavin-oxidoreductase, molecule interacting with CasL (MICAL). 
Actin Filament Regulators: Ena/VASP
The Enabled/Vasodilator-stimulated phosphoprotein (Ena/VASP) family of cytoskeletal 
regulators have been implicated regulation of actin structures in various motile and non-
motile cells (Krause et al., 2003; Drees and Gertler, 2008; Pak et al., 2008; Trichet et al., 
2008).   Genetic and cell biological evidence suggests that the vertebrate members of this 
family, as well as their invertebrate orthologs, play crucial roles in axon guidance.  
Mislocalization of Ena/VASP proteins in hippocampal neurons inhibits the ability of 
Netrin to induce filopodia, and Netrin may regulate Ena/VASP through PKA activity 
(Lebrand et al., 2004).  In vertebrates, there are three members of this family (Mena, 
VASP and EVL), and genetic elimination of all three results in complete absence of 
cortical axon tracts as a result of a cell-autonomous deficiency in neuritogenesis 
(Kwiatkowski et al., 2007).  Cortical neurons also show a deficiency in filopodia 
formation and reduction in actin bundles.  Neurons outside of the cortex in these mutants 
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do develop axons, however their guidance defects have not been described in detail.  
 In Drosophila and in C.elegans, there are single orthologs of Ena/VASP, and they 
appear to function downstream of axon guidance pathways, specifically the Slit/Robo 
(slt-1/sax-3) and Netrin-Frazzled (unc-6/unc-40) repulsive and attractive pathways, 
respectively.  In C.elegans, the Ena/VASP ortholog, unc-34, functions in ventral AVM 
neuron guidance downstream of both slt-1 and unc-6.   Unc-34 mutants increase AVM 
guidance phenotypes in an unc-6 background, similar to that seen in unc-6; slt-1 double 
mutants (Yu et al., 2002).  Also, unc-34/Enabled functions downstream of unc-6, through 
a pathway parallel to one of the rac-like genes, ced-10.  ced-10; unc-34; slt-1 triple 
mutants have similar AVM axon guidance phenotypes to unc-6; slt-1 double mutants and 
unc-34 mutants partially suppress axon outgrowth defects resulting from ectopic 
expression of a hyperactive, myristoylated c-terminus of the unc-40 gene (Gitai et al., 
2003).  While unc-34 is primarily responsible for filopodial formation, this is dispensable 
for ventral axon guidance in AVM and HSN as these neurons project relatively normally 
in unc-34 mutants, suggesting that alternative processes such as lamellipodial-based 
motility could account for accurate guidance in these neurons (Gitai et al., 2003; Adler et 
al., 2006).  
 In Drosophila, enabled genetically interacts with mutations in slit and robo in 
midline axon guidance, physically interacts with Robo, and ena mutations dominantly 
suppress Robo gain of function phenotypes, suggesting that Ena functions as a positive 
regulator of Slit-Robo repulsion (Bashaw et al., 2000).  This function is antagonized by 
the Abelson tyrosine kinase, and although the mechanism of Abl antagonism is not clear, 
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it may involve phosphorylation and inhibition of Robo signal transduction.  Enabled 
functions along with the Drosophila receptor tyrosine phosphatase, DLAR, in both R7 
photoreceptor targeting as well as ISNb motor neuron projections, and in the latter 
example in opposition to the function of Abelson (Maurel-Zaffran et al 2001; Wills et al 
1999).  Axon guidance defects in Abl mutants may in part occur as a result of reduced 
capping protein activity as mutations in Drosophila capping protein b (cpb) dominantly 
enhance Abl midline guidance phenotypes (Grevengoed et al., 2003). 
 Based on cell culture and cell-free reconstitution systems, Ena/VASP proteins 
seem to function to enhance barbed-end polymerization by antagonizing the function of 
capping proteins, and may act as actin nucleators, although this point is currently debated 
(Figure 1.4a) (Trichet et al., 2008).  In addition to promoting barbed-end directed 
motility, Ena/VASP promote actin filament bundling by decreasing the rate at which 
Arp2/3 dependent branches are formed (Figure 1.4b).  The net result of inhibition of Ena/
VASP function on cell motility can vary, though the effects on actin structure appear to be 
consistent, regardless of cell type (Trichet et al., 2008).  Thus, Ena/VASP proteins are a 
critical convergent point for cell motility in both neuronal and non-neuronal cell and 
understanding how these proteins link guidance cues to cytoskeletal dynamics will 
significantly inform our understanding of neuronal morphology.   
Actin Filament Regulators: Formins 
Members of the Diaphanous-related formins (DRF) regulate the actin and microtubule 
cytoskeleton and interact with Rho-GTPases with varying specificity, and are 
50
characterized by two conserved formin-homology (FH1 and FH2) domains, as well as 
Rho-GTPase binding (GBD) and Diaphanous autoregulatory domains (DAD).  Formins 
act as linear actin filament nucleators, and remain associated with the barbed ends of F-
actin promoting elongation while inhibiting capping proteins (Figure 1.4a) (Faix and 
Grosse, 2006; Goode and Eck, 2007; Pollard, 2007).  Interaction with Rho-GTPases is 
thought to relieve autoinhibition via the DAD domain, allowing Formins to both stabilize 
actin dimers and trimers, as well as to recruit profilin-actin complexes to increase the rate 
of elongation, analogous to the function of Ena/VASP proteins.  Formins also affect 
microtubule dynamics and may function to link plus ends of microtubules to 
polymerizing ends of actin (Goode and Eck, 2007).  In Drosophila, the Formin 
cappuccino acts as an actin/microtubule cross-linker and is regulated by Rho and another 
actin nucleator, spire.  DRFs play an important role in the formation and maintenance of 
filopodia (Schirenbeck et al., 2005a; 2005b), and may function downstream of Rho in 
neurite outgrowth.  The diaphanous family member, disheveled associated activator of 
morphogenesis (DAAM) appears to play a role in Drosophila embryonic axon 
morphogenesis. dDAAM mutants have partially penetrant CNS defects and cultured 
neurons from these embryos have reduced numbers of filopodia (Matusek et al., 2008). In 
cultured cerebellar granule neurons, Diaphanous-1 (mDia1) is both necessary and 
sufficient for neurite outgrowth in response to low levels of the chemokine, SDF-1.  
Future work is needed to establish a role for DRFs in mediating axon pathfinding 
downstream of canonical guidance pathways (Arakawa et al., 2003).  
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Actin Filament Regulators: MICAL
Recent evidence suggests that in addition to regulating barbed-end protecting proteins, 
guidance pathways can directly influence actin filament assembly and bundling. In a 
yeast-2-hybrid screen to identify interacting proteins with the cytosolic domain of 
Drosophila Plexin-A (PlexA), Terman and colleagues identified the flavin oxidoreductase 
enzyme, MICAL. MICAL mutants show defects that mirror those seen in plexA or its 
ligand sema-1a in the guidance of embryonic motor axons(Terman et al., 2002). Through 
a combination of loss and gain of function approaches, Hung et al., show that in both 
Drosophila neurons and bristle cells, Sema-PlexA signaling, through MICAL, promotes 
the formation of a branched actin network. This likely occurs through MICAL’s ability to 
directly depolymerize actin filaments and inhibit actin bundling(Hung et al., 2010). These 
results represent the most striking example to date of a mechanism by which guidance 
receptors can directly influence actin polymerization. 
1.3.8 Microtubule Regulators
 Increasing evidence suggests that growth cone motility can and does occur 
through direct regulation of microtubule dynamics (Gordon-Weeks, 2004; Kalil and Dent, 
2005).  For example, the microtubule associated protein (MAP), MAP1B is required for 
Netrin attraction (del Río et al., 2004), and both nerve growth factor (NGF) and Wnt 
ligands been shown to regulate microtubule dynamics in growth cones through 
adenomatous polyposis coli (APC) via regulation of glycogen synthase kinase-3 (GSK3) 
activity (Zhou et al., 2004; Purro et al., 2008).  Regulation of microtubules is both 
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necessary and sufficient for turning responses (Buck and Zheng, 2002; Suter et al., 2004), 
and a portion of microtubules sample the peripheral domain of growth cones, including 
lamellopodia and filopodia, where they may contribute to signaling in guidance responses 
(Zhou et al., 2004).  Here we highlight a recent example where guidance receptors signal 
to regulators of microtubule dynamics, specifically Slit/Robo signaling through orbit/
MAST/Clasp, a microtubule plus end tracking protein (+TIP). 
 In Drosophila, the Slit-Robo signaling pathway prevents improper midline 
crossing of CNS axons, and this pathway is regulated by the activity of the Abelson (Abl) 
non-receptor tyrosine kinase (Bashaw et al., 2000).  While the function of Abl 
downstream of Slit/Robo is complex, it appears to function as both positive and negative 
regulator of Slit-Robo function.  The Drosophila orthologue of the vertebrate clip-
associated protein (CLASP), orbit/MAST, was identified as an enhancer of an Abl gain of 
function retinal phenotype (Lee et al., 2004).  CLASP is a member of a class of plus end 
tracking proteins (+TIPs) that function to stabilize microtubules in non-neuronal cells 
(Kornack and Giger, 2005).  Orbit gain and loss of function axon guidance phenotypes 
are similar in midline and motor neurons, and orbit mutants, like abl mutants, display 
dose-dependent genetic interactions with slit and robo, suggesting orbit functions as a 
positive regulator of this pathway.  Orbit/CLASP proteins localize to growth cones in 
Drosophila neurons and specifically to plus ends of dynamic microtubules.  Over-
expression of CLASP results in looped microtubules with slower microtubule and growth 
cone advance, suggesting that orbit/CLASP could function to limit microtubule advance 
to the peripheral domain(Lee et al., 2004).  
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 Guidance receptors may directly modulate microtubule dynamics, as mentioned 
above, but may also integrate with other signaling pathways to produce different context-
dependent outputs.  For example, distinct EphB-dependent responses can be achieved 
through co-stimulation of growth cones by laminin or the cell adhesion molecule, L1, and 
these distinct outputs are achieved through regulation of the microtubule destabilizing 
protein of the stathmin family, SCG10 (Suh et al., 2004).  In the presence of laminin, 
retinal growth cones collapse in response to EphB, but do not respond in the presence of 
L1. In the presence of both L1 and laminin, retinal growth cones pause, but do not 
collapse and this phenotype is correlated with a reduction in SCG10 levels as well as 
increased microtubules in the growth cone peripheral domain, suggesting that multiple 
pathways can integrate to result in distinct growth cone responses through regulation of 
microtubules.
  While recent studies in have highlighted the interaction of the actin-microtubule 
networks in growth cone dynamics (Suter et al., 2004; Burnette et al., 2007; 2008; Lee 
and Suter, 2008; Schaefer et al., 2008), the study of regulation of microtubule associated 
proteins through guidance receptor signaling is still in its infancy. 
1.3.9 Cyclic Nucleotides and the Modulation of Guidance Responses
 More than ten years ago, Mu Ming Poo and colleagues made the striking finding 
that reducing the levels of the cyclic nucleotide cAMP or inhibiting PKA in the growth 
cones of cultured Xenopus spinal neurons could convert attraction toward sources of 
brain-derived neurotrophic factor and acetylcholine into repulsion (Song et al., 1997). 
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Additional studies in the Xenopus culture system demonstrated that cyclic nucleotide 
(cAMP or cGMP)-dependent response conversion could also be observed for other 
attractive guidance cues such as Netrin (Ming et al., 1997), as well as a number of 
repulsive cues, including semaphorins (Song et al., 1998). The general picture that 
emerged from these studies is that high cyclic nucleotide levels favor attraction, whereas 
low levels favor repulsion. More recently Nishiyama and colleagues (2003) (Nishiyama 
et al., 2003) demonstrated that it is the ratio of cAMP/cGMP that is important in 
determining the polarity of the guidance response and have implicated calcium channel 
modulation in the control of guidance responses.
 A clear demonstration that cyclic nucleotides and their downstream effectors can 
convert receptor responses from attraction to repulsion and vice versa during axon 
guidance in vivo is still lacking; however, a growing body of evidence supports a potent 
role for cyclic nucleotide signaling in modulating the strength of receptor responses. For 
example, a recent study of motor axon guidance in Drosophila has shown that cAMP 
signaling through PKA can modulate axon repulsion. Specifically, the Drosophila A-
kinase anchoring protein (AKAP), Nervy, links the Plexin-A (PlexA) receptor to PKA to 
inhibit sema repulsion (Terman and Kolodkin, 2004). The simplest interpretation of nervy 
and sema/plexin genetic interactions is that rather than switching repulsion into attraction, 
Nervy and PKA weaken the strength of the repulsive response. Consistently, recent work 
suggests that PKA phosphorylates and inhibits Plexin-A by creating a binding site for 
14-3-3, which occludes the Plexin-A Ras-GAP domain, resulting in increased Ras activity  
and increased adhesion (Yang and Terman, 2012).  Together with a number of recent 
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studies in vertebrate neuronal culture and zebrafish that suggest a similar inhibitory effect 
of cAMP/PKA on the strength of various repulsive guidance signals, the role of nervy in 
Sema signaling suggests that rather than a whole-sale conversion of guidance responses, 
cyclic nucleotide signaling modulates the strength of guidance outputs (Dontchev and 
Letourneau, 2002; Chalasani et al., 2003). On the basis of the role of PKA in regulating 
surface levels of DCC, which we discussed earlier (Bouchard et al., 2004), it is tempting 
to speculate that cAMP/PKA signaling may be influencing the strength of other receptor 
outputs in a similar way, namely by controlling surface receptor levels.
 In these examples, the signals mediating changes in cyclic nucleotide levels are 
thought to be independent of the guidance receptors whose responses they modulate; 
however, a more direct role of guidance receptor signal- ing in activating cAMP signaling 
has been suggested in the case of Netrin. Specifically, experiments in cultured Xenopus 
neurons have shown that Netrin acting through DCC (or A2b) leads to elevation of 
cAMP and activation of PKA, and these events have been proposed to be instrumental in 
promoting Netrin-mediated axon outgrowth and attraction (Höpker et al., 1999; Corset et 
al., 2000). More recently, Wu et al. (2006)  proposed that soluble adenylyl cyclase plays 
an essential role in Netrin-dependent axonal development by triggering elevation of 
cAMP in response to Netrin in rat neurons. However, several other studies have proposed 
a rather different role for cAMP/PKA in con- tributing to Netrin responses and have 
convincingly demonstrated, at least in rodent commis- sural neurons, that (a) Netrin 
treatment does not lead to elevations in cAMP or activation of PKA; that (b) PKA is not 
required for Netrin attraction, but rather can regulate the potency of Netrin responses 
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through promoting DCC recruitment to the plasma membrane; and that (c) mutations in 
soluble adenylyl cyclase do not reveal a requirement in mediating Netrin signaling during 
commissural axon guidance in mice (Bouchard et al., 2004; Moore and Kennedy, 2006; 
Moore et al., 2008b). Although these observations do not preclude a role for direct 
Netrin-dependent cAMP signaling in other cellular contexts such as in vitro steering of 
cultured Xenopus neurons, they do argue against the generality of this mechanism for 
Netrin-directed axon path finding in vivo. Together the preponderance of evidence favors 
an important role for cyclic nucleotides in modulating the strength of guidance responses 
in vivo rather than switching the polarity of responses. The challenge now is to define the 
signals and receptors that regulate cyclic nucleotide signaling in vivo and to define 
specific contexts where their modulatory effects influence axon guidance.
1.4 Conclusions and Future Directions
The past several years have seen substantial progress in defining some of the mechanisms 
required to regulate receipt and transduction of axon guidance signals. In particular, a 
number of recent studies have given new emphasis to the importance of the 
posttranslational regulation of guidance receptors in determining axon responsiveness. 
Indeed, many molecules that previously had been almost exclusively thought to be 
effectors of receptor signaling, such as PKA and Rho family GTPases, clearly can play 
important roles in regulating surface expression of guidance receptors. These 
observations require investigators in this field to exercise caution in interpreting the 
effects of manipulating these molecules and suggest the importance of considering 
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potential upstream effects. We predict that exciting insights into the role of proteolytic 
processing in guidance molecule signaling and signal termination will soon be 
forthcoming; it will be particularly interesting to learn the in vivo roles of gamma-
secretase-dependent cleavage of axon guidance receptors.
 Although details of signaling pathways continue to emerge, our understanding of 
the key ligand-regulated events that control receptor activation and signaling is still 
fragmented. Progress in this area will rely on the development of biochemical and optical 
strategies to reveal the dynamic changes in multi-protein signaling complexes that are set 
in motion by guidance receptor activation. For example, genetically encoded optical 
reporters for the activated forms of Rho GTPases and their effectors will likely prove to 
be instrumental in understanding the spatial and temporal dynamics of receptor signaling 
in vivo. It is also clear that many signaling and additional regulatory components await 
discovery, and molecular and genetic approaches, including sensitized genetic screens in 
Drosophila and C. elegans, will continue to identify these missing components.
58
Acknowledgements
We apologize in advance to all the investigators whose research could not be 
appropriately cited owing to space limitations. We thank Long Yang and Tim Evans for 
valuable discussions and critical comments on the manuscript.
A portion of this section was published in the following article: 
O'Donnell M, Chance RK, Bashaw GJ (2009) Axon growth and guidance: receptor 
regulation and signal transduction. Annu Rev Neurosci 32:383–412.
59
Chapter 2
 Src inhibits midline axon crossing independent of Frazzled/DCC 
receptor tyrosine phosphorylation
60
2.1 Abstract
The phylogenetically conserved Netrin family of chemoattractants signal outgrowth and 
attractive turning of commissural axons through the Deleted in Colorectal Carcinoma 
(DCC) family of receptors. Src family kinases are thought to be major signaling effectors 
of Netrin/DCC. In vertebrates, Src and the closely related Fyn kinases phosphorylate 
DCC and form a receptor-bound signaling complex leading to activation of downstream 
effectors. Here we show that in the Drosophila embryonic CNS Src kinases are 
dispensable for midline attraction of commissural axons. Consistent with this 
observation, tyrosine phosphorylation of the Netrin receptor, DCC or its Drosophila 
ortholog, Frazzled, is not necessary for attraction to Netrin. Moreover, we uncover an 
unexpected function of Src kinases: inhibition of midline axon crossing through a novel 
mechanism. We propose that distinct signaling outputs must exist for midline axon 
crossing independent of Src kinases in commissural neurons. 
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2.2 Introduction
Bilaterally symmetric animals must coordinate left and right sensorimotor information. 
Contralateral connectivity is in part achieved during embryogenesis when commissural 
neurons project axons across the midline, a source of instructive cues. In bilaterians, 
midline-derived Netrin and its neuronal receptor DCC promote commissural axon 
crossing (Evans and Bashaw, 2010). Embryos lacking Netrins or DCC have profound 
commissural axon defects in all animals studied, though much of the mechanism of 
Netrin-DCC signal transduction has been revealed through in vitro approaches (Round 
and Stein, 2007). DCC family members have no known catalytic motifs and axon 
attraction to Netrin through DCC is thought to involve a combination of locally induced 
changes in second messengers (cAMP, Ca2+, PIP2, PIP3) as well as activation of 
intracellular kinase-dependent signaling cascades (Lai Wing Sun et al., 2011). 
One output of Netrin signaling is the regulation of the Rho family GTPases, Rac 
and Cdc42 (Shekarabi and Kennedy, 2002; Li et al., 2002b; Gitai et al., 2003; Shekarabi 
et al., 2005). Though the precise mechanism of Rac regulation is not known, it has been 
proposed that tyrosine phosphorylation of DCC by Src family kinases (SFKs) results in 
the formation of a signaling complex that activates Rac (Meriane et al., 2004). Consistent 
with this model, Netrin stimulation recruits SFKs to the DCC receptor cytoplasmic 
domain through Focal Adhesion Kinase (FAK) (Li et al., 2004; Liu et al., 2004; Ren et 
al., 2004). Pharmacological inhibition or genetic disruption of SFK activity blocks 
Netrin-dependent responses in cultured neurons (Li et al., 2004; Liu et al., 2004; Meriane 
et al., 2004). Moreover, a DCC receptor bearing a mutation of the Fyn/Src target tyrosine 
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(Y1420F) acts as a dominant negative when expressed in cultured Xenopus spinal 
neurons (Li et al., 2004). These data suggest that the phenotype of Src loss-of-function 
mutants should mimic the loss of Netrin or DCC. Knockout embryos deficient for the two 
SFKs implicated in these studies (Fyn and Src) develop relatively normally with few 
overt phenotypic defects. However, commissural axon pathfinding in these mice has not 
been closely analyzed (Soriano et al., 1991; Stein et al., 1992). Also, given the large Src 
gene family in vertebrates, other SFKs might compensate for the loss of Src and Fyn in 
these animals, as they do in other processes (Stein et al., 1994). 
In Drosophila, only two genes encode SFKs: Src42A and Src64B. Therefore, we 
reasoned that the Drosophila embryonic CNS could be a simpler system to understand 
the in vivo contribution of SFKs to Netrin signaling. Embryonic commissural neurons 
require both Netrin (encoded by NetA and NetB genes) and the fly ortholog of DCC, 
Frazzled (Fra), for midline axon crossing (Kolodziej et al., 1996; Mitchell et al., 1996). 
We find here that, in contrast to the proposed function of SFKs as effectors of Netrin 
signaling, Src kinases antagonize midline axon crossing in Drosophila through a novel 
pathway. Additionally, we show that tyrosine phosphorylation of DCC receptors is 
dispensable for their roles in commissural and motor axon guidance. We therefore posit 
the existence of a novel Netrin-DCC signaling output that is Src-independent.
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2.3 Materials and Methods
Molecular biology. Fra-Myc and DCC-Myc: All generated transgenic constructs were 
cloned into a pUAST vector containing 10xUAS and an attB site for PhiC31-mediated 
targeted insertion(p10UAST-attB). All were cloned along with a C-terminal 6xMyc 
epitope. Fra-Myc was cloned as an EcoR1/Not1 fragment from pUAST-Fra-Myc (Garbe 
and Bashaw, 2007). Rat DCC and DCCY1418F were cloned from pRK5-DCC (Li et al., 
2002a) and pRK5-DCCY1418F (Meriane et al., 2004) in two steps into p10UAST-attB 
using an EcoR1/Xba1 fragment followed by an EcoR1/EcoR1 fragment. Fra-9YF was 
generated by step-wise PCR mutagenesis of individual or multiple sites in close 
proximity. Mutated tyrosine residues are Y1113, Y1170, Y1189,Y1193, Y1207, Y1212, 
Y1247, Y1250 and Y1313. All constructs were fully sequenced. Transgenic flies were 
generated by Best Gene, Inc (Chino Hills, Ca). 
Genetics. The following alleles were used in this study: frazzled: fra3, fra4, Df(2R)vg135 
(Kolodziej et al., 1996), fra6 (Yang et al., 2009). Netrin: NetABΔ (Brankatschk and 
Dickson, 2006), Src42A: Src42AE1 (Tateno et al., 2000), Src42Ak10108 (Lu and Li, 1999), 
Src64BKO (O'reilly et al., 2006) derailed: drlR343 (Callahan et al., 1995), Unc-5: Unc-52 
(Labrador et al., 2005) , myospheroid: mys1 (Wright, 1960) roundabout: robo1 (Kidd et 
al., 1998a), eagle: egMZ360(eg-Gal4) (Dittrich et al., 1997) apterous: apGal4 (Benveniste et 
al., 1998) The following transgenes were used: (1) P{UAS-Fra-Myc}86Fb, (2) P{UAS-
Fra-9YF-Myc}86Fb, (3) P{UAS-DCC-Myc}86Fb, (4) P{UAS-DCCY1418F-Myc}86Fb, 
(5) P{UAS-FraΔC-HA}#4 (Garbe et al., 2007), (6) P{UAS-TauMycGFP}2nd, (7) 
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{UAS-TauMycGFP{3rd, (8) P{UAS-Src64Y547F}3rd -constitutively active Src64 (O'reilly 
et al., 2006), (9) P{GAL4-elav.L}3. All crosses were performed at 25°C. Embryos were 
genotyped using a combination of marked balancer chromosomes, presence of linked 
transgenes, or in the case of NetABΔ mutants, absence of fluorescent mRNA in situ 
hybridization signal. Where possible, all comparative phenotypes were analyzed in the 
same genetic background to limit the effects of potential modifier mutations. Exceptions 
to this are listed here. For figure 3E, left panel as well as figure 2D, right panel, “frahypo” 
depicts the genotype: fra3,[UAS-TauMycGFP]/ fra6 ; eg-Gal4/+, while 3E, middle-left 
panel “frahypo” depicts the genotype: fra3/fra6 ; eg-Gal4,[UAS-TauMycGFP]/+. For Src64 
genetic suppression experiments the Src64KO allele was used in trans to eg-Gal4 in figure 
2D, right panel, while in figure 3E a recombinant Src64KO, eg-Gal4 chromosome was 
used. 
Immunostaining/imaging. Dechorionated, formaldehyde-fixed, methanol-devittellinized 
embryos were fluorescently stained using standard methods. The following antibodies 
were used in this study: mouse mAb BP102 (1:100), mouse anti-Fasciclin-II/mAb 1D4 
(1:100), rabbit anti-GFP (Invitrogen #A11122, 1:500), rabbit anti-c-Myc (Sigma C3956, 
1:500), Alexa-647 conjugated goat-anti-HRP (Jackson #123-605-021 1:250), Cyanine 3-
conjugated goat anti-mouse (Jackson #115-165-003, 1:1000), Alexa-488-conjugated goat 
anti-rabbit (Molecular Probes #A11008, 1:500). Embryos were mounted in 70% glycerol/
PBS. Fluorescent mRNA in situ hybridization was performed as described (Garbe and 
Bashaw, 2007). Phenotypes were analyzed and images were acquired using a spinning 
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disk confocal system (Perkin Elmer) built on a Nikon Ti-U inverted microscope using a 
Nikon OFN25 60x objective with a Hamamatsu C10600-10B CCD camera and 
Yokogawa CSU-10 scanner head with Volocity imaging software. Images were processed 
using ImageJ. 
Phenotypic quantification. For EW crossing phenotypes, whole-mount embryos were 
analyzed at stage 15 and 16. Eight abdominal segments were analyzed per embryo where 
possible, and for each embryo the percentage of non-crossing segments was calculated. 
A segment was considered “non-crossing” when both clusters of EW axons (6 axons per 
segment) failed to make an orthogonal turn toward the midline. Standard error (SEM) as 
depicted in figures was based on the number of embryos per genotype. For apterous 
ectopic crossing phenotypes, whole-mount embryos were analyzed at stage 17. Eight 
abdominal segments were scored per embryo. When a segment contained a continuous 
crossing projection of at least the thickness of incoming axons from ap cell bodies, it was 
considered an ectopic cross. For muscle 6/7 innervation defects, stage 17 embryos were 
filleted. Ten abdominal hemisegments were analyzed per embryo. An innervation was 
considered absent when no projection of FasII-positive axons could be detected 
originating from ISNb in the muscle 6/7 cleft. Only segments where muscles and nerve 
had not been disrupted in the dissection process were analyzed. Muscles were identified 
using DIC optics. For quantification of phenotypes using mAb BP102, posterior 
commissures were scored as defective if they were absent or substantially thinner than in 
wild-type embryos. For statistical analysis of guidance phenotypes, comparisons were 
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made using generalized estimate equations (GEE) for clustered binary data, using 
‘geepack’ within R software (Yan and Fine, 2004; Halekoh et al., 2006). Correlation 
structure was chosen based on calculation of QIC and CIC as described (Pan, 2001). For 
multiple comparisons, a post-hoc Bonferroni correction was applied. P-values are based 
on corresponding Wald statistics. 
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2.4 Results
2.4.1 Drosophila Src Mutants are not Deficient in Midline Axon Attraction, but Resemble 
Integrin Loss-of-Function Mutants
Based on the model of receptor-associated kinase signaling in vertebrates (Li et al., 2004; 
Liu et al., 2004; Meriane et al., 2004; Ren et al., 2004), we expected that Src mutants in 
Drosophila would have defects in midline axon attraction, similar to Netrin and fra 
mutants. Netrin and Fra are required primarily for the formation of axonal commissures 
of the embryonic CNS. We were surprised, however, to see that CNS axons appeared to 
cross relatively normally in embryos lacking both of the two Drosophila Src genes, 
Src42A and Src64B (Wouda et al., 2008). We therefore decided to examine Src mutants 
more closely to determine if these embryos have subtle axon crossing defects. Using an 
antibody to label all axons in single and double Src mutants we found that most 
commissural axons appear to cross appropriately, although there are defects in the 
separation of the anterior and posterior commissures in double mutants, as previously 
reported (Figure 2.1g; Wouda et al., 2008). To evaluate commissural axon guidance more 
quantitatively, we labeled the eagle-positive subset of commissural neurons (EW 
neurons) using eg-Gal4 to drive expression of an axon marker, Tau-Myc-GFP. However, 
we found no defects in EW midline axon crossing, even in Src42A;Src64B double 
mutants (Figure 2.1j-n, Table 2.1). 
In contrast to the relatively normal CNS in single Src mutants, in Src42A;Src64B 
double mutants there are severe defects in FasII-positive ipsilateral axons, which often 
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Figure 2.1: Commissural axon pathfinding is normal in Src mutant embryos
Representative stage 17 (A-G) and stage 15 (H-N) embryos of indicated genotypes 
stained using anti-HRP (magenta) to label all axons, in addition to anti-FasII (A-G, 
green) and anti-GFP (H-N, green) to label ipsilateral and eg-positive commissural 
neurons, respectively. Anterior is up. A, H, wild-type embryos. Three ipsilateral FasII-
positive axon pathways have properly formed (A), eg-positive commissural axons have 
all properly crossed the midline at this stage (H). B, I, fra3/fra4 mutants. FasII-positive 
axons remain ipsilateral but occasional breaks in longitudinal pathways occur (B). eg-
positive commissural axons frequently mistarget ipsilaterally, see arrows in (I). C-F, J-
M, Src mutant embryos. FasII-positive axons display occasional wandering/
defasciculation, but remain ipsilateral (C-F). EW neurons project axons normally (J-M). 
G,N, Src42A;Src64B double mutants. Severe defects in FasII-positive axons including 
stalling and midline collapse (G). EW axons cross normally in Src double mutants despite 
substantial patterning defects (N). See table 1 for quantification of EW crossing 
phenotype. signaling for pathfinding 
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cross the midline inappropriately (Figure 2.1g). These axons depend on repulsive Slit-
Robo (Seeger et al., 1993; Kidd et al., 1998a), but often cross in embryos in which 
adhesion has been reduced as well, as seen in integrin loss-of-function mutants (Loureiro 
and Peifer, 1998; Speicher et al., 1998; Stevens and Jacobs, 2002). Accompanying these 
CNS malformations are profound patterning defects including partial head involution, 
defective dorsal closure and a failure of germ-band retraction, as previously reported (Lu 
and Li, 1999; Takahashi et al., 2005). Because we observe these patterning defects, and 
because midline and lateral glia are frequently mispositioned in these mutants (Wouda et 
al., 2008); data not shown), it is difficult to conclusively interpret the CNS phenotype in 
these embryos. 
2.4.2 Src Antagonizes Midline Axon Crossing through an Integrin-Independent Pathway
The pleiotropic defects in Src double mutants confound the interpretation of the midline 
crossing phenotype of EW neurons. It is possible, though unlikely, that SFKs play an 
essential role in midline axon crossing that is masked in this genetic background due to a 
requirement for Src function in an independent process. In principle, this function should 
be revealed in sensitized genetic backgrounds. If Src function is essential in Netrin-
dependent attraction, this should be evident when Netrin signaling is partially reduced. 
We observed no effect on the guidance of EW neurons in embryos that are compound 
heterozygous mutant for fra and either Src42A or Src64B (data not shown). To further 
reduce Netrin signaling, we analyzed embryos expressing a truncated Frazzled receptor, 
FraΔC (DN-Fra), in EW neurons (Figure 2.2b). We have previously shown that this 
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receptor acts as a dominant-negative for Fra (Garbe et al., 2007). Surprisingly, instead of 
exacerbating the fra loss-of-function phenotype, Src mutations actually suppress the 
midline crossing defects caused by DN-Fra expression (Figure 2.2d). We observed 
suppression of midline crossing defects in both Src42A and Src64B mutants, and these 
effects are dependent on the amount of endogenous Src gene dose. This suppression is 
not due to a reduction in DN-Fra transgene expression levels, as immunostaining for an 
epitope tag (HA) on this transgene appears identical in embryos that are wild-type and 
mutant for SFKs (Figure 2.2e-j). The suppression of midline crossing defects in Src 
mutants is both potent and specific; we observed almost a full rescue of midline crossing 
in embryos in which three of four gene copies of Src are mutant and this effect can be 
seen independent of any obvious patterning defects. Src mutations also suppress midline 
axon crossing defects in fra hypomorphic allelic combinations (Figure 2.2d; 2.3a-b, e), 
suggesting that SFKs can antagonize endogenous Fra function in commissural neurons. 
Additionally, when we analyzed commissural guidance using mAb BP102 to label all 
axons, we observe a substantial reduction in defects in these embryos, similar to our 
observations in EW neurons (45±4.2% defects, n=20 in fra3/ fra6 versus 19.8±3.2% 
defects, n=21 in fra3/ fra6;Src64KO/+, p < 0.0001). This suggests that Src inhibits midline 
crossing in commissural neurons in addition to EW neurons. To determine whether Src 
acts autonomously in commissural neurons to inhibit midline crossing, we expressed a 
constitutively active Src64B (Src64CA) in EW neurons. While expression of Src64CA 
has no effect in wild-type embryos (data not shown), expression in backgrounds with 
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Figure 2.2: Src42A and Src64B antagonize midline axon crossing
A-D, EW midline crossing defects were scored at stages 15-16 using eg-Gal4 to express 
TauMycGFP, after immunostaining for anti-GFP. A, wild-type embryo B, an embryo 
expressing DN-Fra in eg neurons. Most EW axons misproject (arrows). C, a fra3/fra6 
hypomorphic mutant. EW axons fail to cross in approximately 20% of segments (arrow) 
D, quantification of EW crossing defects in DN-Fra (left) and frahypo (right) backgrounds. 
Reduction in Src gene dose rescues midline crossing defects, while increasing Src activity  
in EW neurons increases phenotypic severity. Error bars indicate SEM. p values are 
calculated from Wald statistics, relative to the control background, DN-Fra (left) and 
frahypo (right). *, p < 0.05, ***, p < 0.001. See materials and methods for details on 
statistical analysis.
72
E-J, DN-Fra expression is not reduced in Src mutants. Embryos expressing TauMycGFP 
(F, I, anti-GFP, green) and DN-Fra (G, J, anti-HA, magenta) in EW neurons exhibit 
severe crossing defects (arrows in E) in wild-type embryos (E-G), that are almost fully 
rescued in Src42A/+;Src64-/- mutants(H-J). Specific genotypes are as follows: A, “wt”: 
[eg-Gal4],[UAS-TauMycGFP]/+ B, “DN-Fra”: [UAS- FraΔC-HA]#4,[UAS-
TauMycGFP]/+ ; [eg-Gal4]/+ C, “frahypo”: fra3,[UAS-TauMycGFP]/ fra6 ; [eg-Gal4]/+, 
D,  left, “+” [UAS- FraΔC-HA]#4, [UAS-TauMycGFP]/+ ; eg-Gal4/+,  “Src42k1/+”: 
[UAS-DN-Fra]#4, [UAS-TauMycGFP]/Src42k10108 ; eg-Gal4/+,  “Src64KO/+”: [UAS-DN-
Fra]#4, [UAS-TauMycGFP]/+ ; Src64KO/+, “42/+;64/+”: [UAS-DN-Fra]#4, [UAS-
TauMycGFP]/Src42k10108 ; eg-Gal4/Src64KO, “42/+;64-/-”: [UAS-DN-Fra]#4, [UAS-
TauMycGFP]/Src42k:10108 ; Src64KO, eg-Gal4/Src64KO, right, “+”: fra3,[UAS-
TauMycGFP]/ fra6 ; [eg-Gal4]/+, “Src64KO/+”: fra3,[UAS-TauMycGFP]/ fra6 ; [eg-Gal4]/
Src64KO, “eg::Src64CA”: fra3,[UAS-TauMycGFP]/ fra6 ; [eg-Gal4]/[UAS-Src64-CA], 
E-G, [UAS- FraΔC-HA]#4,[UAS-TauMycGFP]/+ ; [eg-Gal4]/+ , H-J, [UAS- FraΔC-
HA]#4,[UAS-TauMycGFP]/Src42Ak10108 ; Src64BKO,[eg-Gal4]/ Src64BKO. See materials 
and methods for comments on genotypes.
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reduced Netrin-Fra signaling exacerbates midline-crossing defects (Figure 2.2d), 
suggesting that Src exerts its effect on midline crossing cell-autonomously. 
 The observed genetic suppression of multiple fra loss of function phenotypes is 
consistent with Src functioning to antagonize Netrin signaling, but also could reflect a 
role for Src in a parallel pathway regulating midline axon crossing. If Src acts exclusively 
in the Netrin pathway, we would not expect to see similar suppression of midline crossing 
defects when Src mutations are introduced into Netrin null mutants. However, the NetA, 
NetB double mutant phenotype is also suppressed in Src64b heterozygotes (Figure 2.3c-
e), suggesting that Src acts through a Netrin-independent pathway in these neurons in 
addition to any role it may play in inhibiting Netrin-Frazzled signaling. As Src functions 
as an effector of Netrin-Unc-5 repulsive axon guidance, we tested whether Unc-5 
signaling is active in these neurons (Itoh et al., 2005). While we detect Unc-5 mRNA 
expression in neuroblasts that give rise to EW neurons, this expression is eliminated in 
the EW neurons before axogenesis and is only maintained in their sibling, the GW motor 
neuron (data not shown). Moreover, Unc5 mutations do not modify the fra loss-of-
function phenotype in EW neurons (Figure 2.3e). Thus, Src likely inhibits midline axon 
crossing through a pathway independent of Unc-5 and Netrin.
The existence of an additional attractive or repulsive pathway promoting midline 
axon crossing in Drosophila has been postulated due to the partially penetrant defects in 
Netrin and fra mutants. SFKs can function in multiple signaling pathways involved in 
axon guidance in Drosophila, which might account for these genetic interactions in 
commissural neurons. For example, Src64B acts in the Wnt5-Derailed (Drl)/Ryk pathway  
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to promote anterior commissure choice (Wouda et al., 2008). In addition, in multiple 
systems, SFKs play a central role in integrin signaling, an important pathway in 
Drosophila axon guidance (Hoang and Chiba, 1998; Stevens and Jacobs, 2002; Legate et 
al., 2009), which could in principle account for our observed genetic interactions. To test 
these possibilities, we introduced mutations in components of these pathways into 
sensitized genetic backgrounds and quantified the EW crossing phenotypes (Figure 2.3e). 
Drl heterozygous or homozygous mutations do not suppress the fra loss-of-function 
phenotype in EW neurons. Similar results were obtained using mutations in the single 
Integrin βPS gene in Drosophila, myospheroid (mys). Midline crossing defects caused by 
DN-Fra expression are not suppressed in robo mutants, suggesting Src’s effects on 
midline crossing are not through regulation of the Slit-Robo pathway. These results 
indicate that Src likely inhibits midline axon crossing through a novel Integrin- and 
Derailed/Ryk-independent signaling pathway. 
2.4.3 DCC Receptor Phosphorylation is Dispensable for Netrin-Dependent axon 
Attraction in Drosophila
One mechanism by which Src has been proposed to mediate Netrin-signaling is through 
direct receptor phosphorylation, presumably leading to the assembly of a downstream 
signaling complex that causes Rac activation (Li et al., 2004; Meriane et al., 2004). This 
precise mechanism of Src-dependent Netrin signaling is unlikely to occur in Drosophila 
because the essential tyrosine residue implicated in these studies is not conserved in Fra; 
however, a similar process could occur centering on one or multiple alternative tyrosine
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Figure 2.3: Inhibition of midline crossing by Src kinases occurs through a novel, 
Netrin-independent pathway that is not regulated through Derailed, Unc-5 or 
Integrin signaling
A-D, representative stage 15 embryos immunostained with anti-GFP to visualize EW 
axons(A-D, green) and BP102 to visualize CNS axons (A, B, magenta). A, a frahypo 
embryo displays a partially penetrant EW crossing phenotype (arrow), which is 
suppressed in Src64KO heterozygous mutants (B, E). C, a NetAB null mutant also displays 
partially penetrant EW axon defects (arrows), and these are similarly suppressed in 
Src64KO heterozygotes (D, E). E, quantification of EW crossing defects in netrin and 
frazzled mutants bearing different candidate modifier mutations. Unlike Src64B, neither 
unc-5, nor drl mutations modify the frahypo phenotype (E, middle-left panel). Midline 
crossing defects are enhanced, not suppressed in fra3,drlR343 mutants when compared to 
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fra3(middle-right panel).  DN-Fra phenotype is not suppressed in unc-5 heterozygotes, 
mys hemizyogotes or robo homozygous mutants (E, right panel). Error bars indicate 
SEM. *, p < 0.05, **, p < 0.01. See materials and methods for comments on genotypes.
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residues. To directly address whether a similar mechanism occurs in Drosophila, we 
sought to rescue fra loss of function phenotypes using rat DCC or Fra receptors in which 
tyrosine residues were mutated to phenylalanines. We generated transgenic flies 
expressing DCC or Fra with C-terminal Myc tags under Gal4/UAS control. To eliminate 
position effects, all DCC and Fra constructs used in these studies were inserted at the 
same genomic location, and are expressed and localized comparably when driven by the 
pan-neural elav-Gal4 (Figure 2.5h, i). To first determine whether rat DCC can signal in 
response to Drosophila Netrin, we made use of a gain-of-function assay in an 
ipsilaterally-projecting subset of neurons using apterous-Gal4 (ap-Gal4). When either Fra 
or DCC is expressed in these neurons, their axons aberrantly cross the midline (Figure 
2.4a-d). Importantly, the DCC-dependent crossing defects in this background are 
suppressed in NetABΔ mutants, suggesting that this receptor can signal in response to 
Drosophila Netrin (Figure 2.4d). 
 To determine whether DCC can functionally compensate for Fra in commissural 
neurons, we expressed DCC constructs in EW neurons in fra mutants. DCC rescues fra 
midline crossing defects in EW neurons to a similar degree as Drosophila Fra (Figure 
2.5a-d,g, Table 2.1). Based on experiments in Xenopus neurons, we expected that a DCC 
receptor with a mutation in the Fyn target tyrosine site, DCCY1418F, would behave like 
a dominant-negative receptor. Surprisingly, however, DCCY1418F fully rescues EW 
crossing defects (Figure 2.5Ee, g, Table 2.1). DCCY1418F also generates a quantitatively 
similar phenotype to wild-type DCC when expressed in ap neurons (Figure 2.4d). From
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Figure 2.4: Vertebrate DCC can signal Netrin-dependent axon attraction in 
Drosophila 
A-C, Stage 17 embryos, expressing TauMycGFP under control of ap-Gal4, are 
immunostained with anti-GFP to label the ipsilateral apterous axons. Six abdominal 
segments are shown. A, wild type embryo. ap axons remain ipsilateral. B, Fra gain-of-
function embryo. Ectopic crossing of ap axons occurs sporadically (arrows). C, DCC 
gain-of-function embryo. ap axons display a similar ectopic-crossing phenotype (arrows, 
compare C to B). D, quantification of ap ectopic-crossing defects. DCC gain-of-function 
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depends on Netrin (compare “+DCC-WT” to “netA,B/y;+DCC-WT”). Also, DCCY1418F 
gain-of-function is equivalent to DCC-WT in this assay. Error bars indicate SEM. *, p < 
0.05, **, p <0.01
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these data we conclude that the essential signaling motifs for Netrin-dependent 
commissural axon guidance are conserved between DCC and Fra, and that tyrosine 
phosphorylation of DCC at Y1418 is not required for its function in these neurons.
2.4.4 Tyrosine Phosphorylation of Fra is not Required for CNS or Motor Axon Guidance
Based on these results, it appears that the role of Src family kinases in Drosophila axon 
guidance is distinct from that proposed in vertebrates. These results do, however, leave 
open the possibility that another non-receptor tyrosine kinase may have a similar function 
in Drosophila. To determine whether tyrosine phosphorylation of Fra is involved in 
Netrin signaling, we tested whether a Fra receptor bearing mutations in all nine of the 
cytoplasmic tyrosines (Fra-9YF) can functionally replace endogenous fra in embryonic 
axons. We thus generated flies that express Fra-9YF under Gal4/UAS control. Using 
elav-Gal4 to drive expression in all neurons, Fra-9YF fully rescues fra commissural axon 
defects as visualized using the BP102 antibody to label CNS axons (Figure 2.6a-d). 
Fra-9YF also rescues EW midline crossing defects in fra mutants to a similar extent as 
wild-type Fra (Figure 2.5f, Table 2.1). These results suggest that tyrosine phosphorylation 
of Fra is not necessary for commissural axon guidance. fra mutants also have defects in 
motor axon guidance; in particular, the innervation of the Netrin-expressing ventral 
muscles 6/7 is frequently absent (Figure 2.6g-h, k; (Mitchell et al., 1996)) as visualized 
using the motor axon marker, anti-FasII. Both wild-type Fra and Fra-9YF rescue these 
motor axon guidance defects when driven by elav-Gal4 (Figure 2.6j, l), indicating that 
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Figure 2.5: Tyrosine phosphorylation of DCC receptors is dispensable for midline 
axon guidance 
A-F, stage 15 control (A) or fra mutant embryos (B-F) expressing TauMycGFP under 
control of eg-Gal4, along with various rescue transgenes indicated in boxes below. 
Embryos are immunostained with anti-GFP (green) to visualize EW axons and mAB 
BP102 (magenta) to visualize CNS axons. A, control embryo. All EW axons cross 
appropriately. B, fra3/fra4 mutant. Many EW axons fail to cross (arrows). C, Fra-WT 
rescue. Most EW axons cross appropriately. D, DCC rescue. Rescue of EW crossing is 
similar to Fra-WT. E, DCCY1418F rescue. Phenotype is indistinguishable from DCC-
WT. F, Fra-9YF rescue. Phenotype is indistinguishable from Fra-WT. G, quantification 
of EW crossing defects in fra3/Df(2R)vg135 mutants. Error bars indicate SEM. ***, p < 
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0.001. For quantification of fra3/fra4 rescue, see table 1. H, I, anti-Myc immunostaining 
to visualize DCC-Myc transgene expression levels, under control of pan-neural elav-
Gal4. Transgenes are expressed at comparable levels. 
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Table 2.1 Quantification of EW crossing defects in Src mutants and fra mutant 
rescue experiments. Stage 15 and 16 embryos were whole-mounted and scored for EW 
non-crossing phenotype (see Materials and Methods). Genotypes are listed at left. For 
rescue experiments, P-values for each subgroup are relative to the control fra mutant 
phenotype (listed first).  
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tyrosine phosphorylation of Fra is dispensable for both commissural and motor axon 
guidance. Panneural expression of DCC does not, however, rescue motor guidance 
defects or longitudinal connective defects (Figure 2.6e,l) and only mildly rescues the 
commissural guidance phenotype in fra mutants as assayed using BP102 (Figure 2.6e), 
precluding the analysis of DCCY1418F in these contexts. Fra regulates the formation of 
longitudinal connectives through a non-autonomous function involving localization and 
presentation of Netrin (Hiramoto et al., 2000). These non-autonomous functions may not 
be conserved in DCC, which may explain the failure to rescue other fra-dependent 
embryonic phenotypes. 
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Figure 2.6: Fra9YF is equivalent to wild-type Fra in motor and CNS axon guidance
A-E, stage 16 embryos immunostained with mAb BP102 to visualize CNS axons. 
Genotypes are boxed below panels. A, control embryo B, fra3 mutant. Posterior 
commissures are thin or absent (arrow) and occasional breaks in longitudinal connectives 
occur (asterisk). C-E, pan-neural rescue of fra3 mutants using elav-Gal4. C, Fra-WT 
rescues both commissural and longitudinal defects. D, Fra-9YF rescue similar to Fra-WT. 
E, DCC-WT shows marginal rescue of commissural thickness and fails to rescue 
longitudinal defects (asterisk). F, Schematic shows the location of nine cytoplasmic 
tyrosines (Y, blue) in wild-type Fra and the corresponding phenylalanine (F, red) residues 
in Fra-9YF. G-J, stage 17 embryonic ventral motor field showing motor axons 
immunostained with anti-FasII. Arrows indicate muscle 6/7 innervation. G, control 
embryo. Most muscle 6/7 clefts show a FasII-positive axon projection. H, fra3 mutant. 
Two segments show proper targeting (arrows), but in one segment (asterisk), the 6/7 
projection is absent. In this case the RP3 axon has apparently stalled (right of asterisk). I, 
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J, pan-neural rescue of fra3 using elav-Gal4. I, Fra-WT rescue. Most 6/7 clefts are 
properly targeted. J, Fra-9YF rescue. This phenotype is indistinguishable from Fra-WT. 
K, cartoon depicting the location of Netrin-expressing muscle 6/7 (green), whose cleft is 
innervated by a FasII-positive axon (magenta, arrow). L, quantification of muscle 6/7 
defects. Fra9YF rescues to a similar extent as Fra-WT, though DCC-WT does not. Error 
bars indicate SEM. *, p < 0.05. 
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2.5 Discussion
We have found that in Drosophila, tyrosine phosphorylation of the attractive Netrin 
receptor Frazzled is not required for its embryonic axon guidance functions, and that Src 
tyrosine kinases antagonize Netrin-dependent axon attraction. These results contrast with 
the prevailing model of Src-dependent signal transduction through the DCC family of 
receptors (Li et al., 2004; Liu et al., 2004; Meriane et al., 2004; Ren et al., 2004; Round 
and Stein, 2007). There are three explanations that could potentially account for this 
discrepancy, which we will discuss here. 
First, species-specific differences in signal transduction may have evolved 
between Drosophila and vertebrates. Supporting this possibility are the combined 
observations that DCC family members have multiple signaling outputs encoded by 
distinct cytoplasmic domains. For example, in C. elegans the cytoplasmic P1 motif 
regulates branching and outgrowth through unc-34/enabled and the P2 motif does so 
through a Rac-dependent pathway (Gitai et al., 2003). The P1 motif also regulates local 
mRNA translation in vertebrates (Tcherkezian et al., 2010), while the P3 motif interacts 
with PITPα (Xie et al., 2005), Myosin X (Zhu et al., 2007) and FAK (Li et al., 2004; Ren 
et al., 2004; Lai Wing Sun et al., 2011). Only a subset of these signal transduction 
mechanisms may be required in a particular species. We do not favor this interpretation, 
although we cannot rule it out based on our observations. Because DCC can fully rescue 
the fra mutant phenotype in EW commissural neurons, we suggest that if there are 
Drosophila-specific signaling outputs downstream of Netrin in commissural neurons, 
these are retained in the vertebrate receptor. Also, with few exceptions, the diverse 
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signaling outputs mentioned above are all associated with highly conserved cytoplasmic 
domains, the P1, P2, and P3 motifs, though functional conservation between species has 
not been directly tested using these domains. 
A second explanation for these contrasting results is that DCC’s function in 
different cell types may reflect distinct cell-biological outputs, such that a particular 
signaling mechanism may only be necessary in a specific cell type or process. Support for 
this possibility comes from the observation that in response to Netrin, neurons expressing 
DCC family members can undergo multiple changes in cell morphology including 
polarization, axon outgrowth, axon turning, axon branching, and synaptic growth (Round 
and Stein, 2007; Lai Wing Sun et al., 2011). The particular changes in cell morphology 
that occur in response to Netrin depend on the cell type being evaluated, as well as the 
intracellular complement of signaling effectors and second messengers expressed at a 
given point in time. In some cases, intracellular effectors that have been implicated in 
mediating one of these diverse cell-biological outputs are not necessary for a different 
cellular response.  For example, the tripartite motif protein encoded by the C. elegans 
gene madd-2 is required for axon branching and attractive guidance, but not for axon 
outgrowth induced by a constitutively active myristoylated Unc-40 receptor (Hao et al., 
2010). While we cannot assay the intracellular environment in the cell types we tested, 
we provide evidence here that in at least two different neural cell types, embryonic 
commissural interneurons and motor neurons, tyrosine phosphorylation of Fra is 
dispensable for Netrin-dependent guidance functions. Based on these observations, we 
conclude that if differences in intracellular milieu account for these distinct signaling 
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requirements, then these must be shared between the two neural cell types we have 
assayed here. 
An alternative to these possibilities, which are not mutually exclusive, is based on 
the observation that the substrate of adhesion dictates the intracellular signaling 
requirements and/or the directional growth of a migrating axon. Thus, navigating growth 
cones in vivo, which are likely to encounter distinct substrates than cultured cells, may 
respond differently to perturbations in a signaling cascade. This is perhaps best 
exemplified by the observation that in retinal ganglion cells expressing DCC, culturing 
on Laminin converts the normal attractive turning responses to repulsion (Höpker et al., 
1999). The experiments performed by Meriane et al. and Li et al. involving tyrosine 
mutant DCC receptors involved cultured cells, which were likely exposed to a different 
complement of adhesive substrates than the Drosophila neurons we have assayed here. 
However, experiments performed by Liu et al. show that in spinal cord explant cultures, 
presumably exposed to the normal in vivo extracellular environment, inhibition of Fyn 
blocks turning responses to Netrin. Thus, culture conditions are unlikely to fully explain 
the differing results here. Rescue experiments in vertebrates should allow help distinguish 
between these possibilities. For example, if DCC Y1418F can rescue guidance defects in 
commissural neurons in dcc mutants, then this result would suggest that culture 
conditions are likely to explain these discrepancies. The alternative outcome would 
suggest that either species or cell-type specific differences in signaling are more likely to 
account for these results. 
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We have also shown that in addition to being dispensable for Netrin-dependent 
attraction in commissural neurons, Src family kinases actually antagonize midline axon 
crossing. Our observed dose-dependent genetic interactions are consistent with Src 
functioning to inhibit Fra, although our results suggest there must be Netrin-independent 
functions as well. So how, then, does Src antagonize midline crossing? We have tested 
multiple guidance pathways that utilize Src as a signaling effector that could, in principle, 
account for the genetic interactions we have observed here. However, this effect does not 
appear to be regulated by signaling downstream of integrins, the Drl/Ryk receptor, or 
Unc-5. Moreover, it is unlikely that the mechanism of Src-dependent inhibition of 
midline crossing occurs through direct phosphorylation of Fra, because we do not 
observe increased activity of the Fra9YF receptor when expressed in EW or apterous 
neurons.
Taken together, our observations suggest that Src likely functions in a novel 
parallel pathway to inhibit midline axon crossing. The partially-penetrant phenotype of 
fra and Netrin mutants suggest that there must be a redundant pathway promoting 
midline crossing in the Drosophila CNS.  This Src-regulated pathway could potentially 
be either attractive or repulsive. This pathway is unlikely to involve repulsive Slit-Robo 
signaling because robo homozygous mutants do not suppress defects in the same genetic 
background that we have seen strong suppression using Src alleles. In vertebrates, the 
morphogen Sonic Hedgehog (Shh) attracts commissural neurons to the floor plate 
through a SFK-dependent pathway (Yam et al., 2009). However, there is no evidence that 
Hedgehog directs commissural axons in Drosophila, and given our results, Src kinases 
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are unlikely to play a similar role as they antagonize midline crossing here. Two 
additional guidance cues regulate commissural axon guidance in the vertebrate CNS: 
Ephrins and Semaphorins (Evans and Bashaw, 2010). While there is evidence that SFKs 
play a role in Ephrin and Semaphorin signal transduction(Arvanitis and Davy, 2008; 
Zhou et al., 2008), data linking these cues to commissural guidance in Drosophila are 
lacking. Thus, the future identification of this novel pathway, which is likely regulated by  
Src activity, will yield a more complete understanding of mechanisms of midline axon 
crossing.
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Chapter 3
Abelson tyrosine kinase regulates axon pathfinding through kinase-
dependent and independent functions
94
Abstract
To develop a functional nervous system, axons must initially navigate through a complex 
environment, directed by guidance ligands and receptors. These receptors must link to 
intracellular signaling cascades to result in axon pathfinding decisions. The Abelson 
tyrosine kinase plays a critical role in multiple Drosophila axon guidance pathways 
during development, though the mechanism by which Abl elicits a diverse set of guidance 
outputs is currently unknown. We identified Abl in a genetic screen for genes that 
contribute to Netrin-dependent commissural axon guidance. We find that Abl interacts 
both physically and genetically with the Frazzled receptor and that occluding this 
interaction results in commissural guidance defects. Moreover, we find that Abl exerts its 
diverse activities through at least two different mechanisms:  (1) a partly kinase-
independent structural function in midline attraction through its C-terminus and (2) 
kinase-dependent inhibition of repulsive guidance pathways that does not require the Abl 
C-terminus. 
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Introduction
During nervous system development, embryonic axons navigate through a complex 
environment to initiate the establishment of neural circuits. This process is accomplished 
by the growth cone, a motile structure at the growing end of axons. Growth cones 
respond to attractant and repellant cues in the environment through transmembrane 
guidance receptors. To alter growth cone motility, guidance receptors must signal to the 
underlying growth cone cytoskeleton. Thus, to understand how guidance receptors direct 
axon pathfinding, it is essential to identify downstream signaling molecules that allow 
these receptors to communicate with elements of the cytoskeleton. One conserved 
pathway by which axons navigate in vivo is mediated by the bifunctional guidance cue, 
Netrin, and its attractant receptor, DCC/Frazzled (Fra). Netrin is necessary for axon 
guidance in several neural cell types, but is particularly well-studied in the context of 
midline axon guidance of commissural neurons (Lai Wing Sun et al., 2011). Much of our 
understanding of Netrin signal transduction arises from in vitro studies of isolated 
neurons, which has led to the identification of multiple signaling pathways downstream 
of Netrin (Round and Stein, 2007). However, there is little evidence supporting these 
findings in vivo thus far. 
 To identify Netrin signaling mechanisms in vivo, we sought to identify genes that 
contribute to midline axon crossing in the Drosophila embryonic CNS, a context in 
which Netrin signaling, through its Fra receptor, is essential (Kolodziej et al., 1996; 
Mitchell et al., 1996). In a genetic screen to identify genes that interact with the Fra 
pathway, we identified the cytoplasmic tyrosine kinase, Abelson (Abl) as a regulator of 
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Netrin-dependent midline axon crossing in commissural neurons. Abl plays a complex 
role in Drosophila axon guidance, functioning in attractant (Gertler et al., 1989; Elkins et 
al., 1990; Liebl et al., 2000; Forsthoefel et al., 2005), repellant (Bashaw et al., 2000; Wills 
et al., 2002; Hsouna et al., 2003; Lee et al., 2004) and adhesive (Wills et al., 1999a; 
1999b; Crowner et al., 2003) guidance pathways. In commissural neurons, Abl promotes 
midline axon crossing and interacts genetically with both Netrin and Fra and can bind to 
the cytoplasmic domain of Fra (Forsthoefel et al., 2005). It is unclear from this work 
whether Abl functions in the Netrin pathway in commissural neurons to promote midline 
axon crossing. In midline ipsilateral axons, Abl both promotes and inhibits Slit-Robo-
dependent midline repulsion, though the mechanism by which these apparently 
paradoxical functions occur is currently unknown (Bashaw et al., 2000; Wills et al., 2002; 
Hsouna et al., 2003; Lee et al., 2004). 
 We show here that Abl interacts both physically and genetically with Fra and 
through molecular genetic approaches suggest that it promotes Netrin-dependent midline 
axon crossing through its C-terminus, which likely contains cytoskeletal and protein-
protein interaction domains. We also find that Abl’s function in promoting midline axon 
crossing is partly kinase-independent, in contrast to its role in repulsive guidance 
pathways. These findings shed light on how a single protein can generate diverse axon 
guidance responses through the use of different structural motifs. 
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Materials and methods
Molecular biology. Abl-GFP: All generated transgenic constructs were cloned into a 
pUAST vector containing 10xUAS and an attB site for PhiC31-mediated targeted 
insertion (p10UAST-attB). All Abl constructs were cloned from pUAS-AblGFP (Fox and 
Peifer, 2007)in frame to a C-terminal GFP epitope with the following linker sequence 
upstream of GFP: GGA CTA GTG ATT GGA GCT.  All Abl constructs contain the 
following sequence upstream of the start codon (underlined): CAC CGC GGC CGC TGG 
CAA ATG. All Abl-GFP constructs were cloned into p10UAST-attB as a NotI/XbaI 
fragments. AblNGFP (amino acids 1-644 of Abl) was generated by serial overlap 
extension PCR.  AblCGFP (amino acids 645-1638) was generated by as a PCR fragment 
by placing ATG upstream of codon 645 of Abl.  Abl point mutations were generated by 
PCR mutagenesis: AblK417N,  AblF1591E, AblW243K, AblR297K. Primers sequences are 
available upon request. AblΔFABD (AA 1499-1638 deleted), AblΔCD1 (AA 753-791 deleted), 
AblΔCD2 (AA 926-965 deleted)  were generated by PCR mutagenesis. Fra-Myc (Garbe and 
Bashaw, 2007) and Robo-Myc (Bashaw and Goodman, 1999) were described previously. 
Fra-9YF was generated by step-wise PCR mutagenesis of individual or multiple sites in 
close proximity. Mutated tyrosine residues are Y1113, Y1170, Y1189,Y1193, Y1207, 
Y1212, Y1247, Y1250 and Y1313. For p10UAST-attB-NetB-Myc, a myc-tagged NetB 
cDNA was amplified from genomic DNA of transgenic flies (Mitchell et al., 1996). This 
amplicon was cloned into p10UAST-attB using EcoR1/Xba1 sites. All constructs were 
fully sequenced. Transgenic flies were generated by Best Gene, Inc (Chino Hills, Ca). 
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Genetics. The following alleles were used in this study: fra3, fra6. NetABΔ, slit2, Abl1, 
Abl2, Abl4,  egMZ360 (eg-Gal4), apGal4, exexGal4 (Hb9-Gal4) The following transgenes were 
used: (1) P{UAS-AblK417N}2 (Wills et al., 1999b),  (2) P{UAS-Abl-GFP}86Fb, (3) 
P{UAS-AblKN-GFP}86Fb, (4) P{UAS-AblN-GFP}86Fb, (5) P{UAS-AblC-GFP}86Fb, 
(6) P{UAS-TauMycGFP}2nd, (7) P{GAL4-elav.L}3. All crosses were performed using 
males or balanced females at 25°C. Embryos were genotyped using a combination of 
marked balancer chromosomes or the presence of linked transgenes. Where possible, all 
comparative phenotypes were analyzed in the same genetic background to limit the 
effects of potential modifier mutations. 
Immunostaining/imaging. Dechorionated, formaldehyde-fixed, methanol-devittellinized 
embryos were fluorescently stained using standard methods. The following antibodies 
were used in this study: mouse mAb BP102 (1:100), mouse anti-Fasciclin-II/mAb 1D4 
(1:100), rabbit anti-GFP (Invitrogen #A11122, 1:500), rabbit anti-c-Myc (Sigma C3956, 
1:500), Alexa-647 conjugated goat-anti-HRP (Jackson #123-605-021 1:250), Cyanine 3-
conjugated goat anti-mouse (Jackson #115-165-003, 1:1000), Alexa-488-conjugated goat 
anti-rabbit (Molecular Probes #A11008, 1:500). Embryos were mounted in 70% glycerol/
PBS. Fluorescent mRNA in situ hybridization was performed as described (Garbe and 
Bashaw, 2007). Phenotypes were analyzed and images were acquired using a spinning 
disk confocal system (Perkin Elmer) built on a Nikon Ti-U inverted microscope using a 
Nikon OFN25 60x objective with a Hamamatsu C10600-10B CCD camera and 
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Yokogawa CSU-10 scanner head with Volocity imaging software. Images were processed 
using ImageJ. 
Cell culture/biochemistry
For co-immunoprecipitations, 106 Drosophila S2R+ cells were transfected at 25 degrees 
in Schneider's medium containing 10% fetal calf serum with indicated constructs (0.5 µg 
Fra-Myc/Robo-Myc, 1 µg Abl-FL-GFP, 0.25 µg Abl-N-GFP) along with 0.5 µg pMT-
Gal4 using the effectene kit (Qiagen). After 24, cells were induced with 1mM CuSO4. 
48h post-transfection, cells were washed 1x with PBS, then lysed in 1mL lysis buffer (50 
mM Tris (pH 8), 100 mM NaCl, 1 mM MgCl2, 0.5% NP-40, 10 mM NaF, 2 mM 
Na3VO4, 1mM PMSF, 1X Complete protease inhibitor cocktail (Roche).  Lysates were 
pre-cleared with protein-G agarose (Invitrogen), followed by addition of 2.5 uL of rabbit-
anti Myc antibody (Millipore, 06–549) for 2h at 4 degrees. 30µL of protein G agarose 
were added per IP, followed by 3 washes in lysis buffer. For Western blot, we used Mouse 
anti-Myc (9E10, 1:1000) and mouse anti-GFP (Roche, 1:1000). Netrin-conditioned media 
was collected by transfecting 6x106 S2R+ cells in S
Phenotypic quantification. For EW crossing phenotypes, whole-mount embryos were 
analyzed at stage 15 and 16. Eight abdominal segments were analyzed per embryo where 
possible, and for each embryo the percentage of non-crossing segments was calculated. 
A segment was considered “non-crossing” when both clusters of EW axons (6 axons per 
segment) failed to make an orthogonal turn toward the midline. Standard error (SEM) as 
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depicted in figures was based on the number of embryos per genotype. For apterous 
ectopic crossing phenotypes, whole-mount embryos were analyzed at stage 17. Eight 
abdominal segments were scored per embryo. When a segment contained a continuous 
crossing projection of at least the thickness of incoming axons from ap cell bodies, it was 
considered an ectopic cross. For ISNb stalling, stage 17 embryos were filleted. Ten 
abdominal hemisegments were analyzed per embryo. Only segments where muscles and 
nerve had not been disrupted in the dissection process were analyzed. Muscles were 
identified using DIC optics. For quantification of phenotypes using mAb BP102, 
posterior commissures were scored as defective if they were absent or substantially 
thinner than in wild-type embryos. For statistical analysis of guidance phenotypes, 
Kruskal-Wallis one-way analysis of variance, followed by Wilcoxon rank sum test for 
pairwise comparisons was performed within R software. 
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3.4 Results
3.4.1 Abl Mutations Enhance Frazzled Loss of Function in Commissural Axon 
Pathfinding
To identify genes involved in commissural axon guidance, we performed a genetic screen 
in Drosophila embryos in which midline Netrin signaling is reduced. We reduced Netrin 
signaling through expression of a dominant-negative Fra receptor in commissural neurons 
(DN-Fra) (Garbe et al., 2007). We have seen that in this genetic background, 
heterozygous mutations in genes that normally promote midline axon crossing exacerbate 
crossing defects in a subset of commissural neurons, the eagle-Gal4-positive EW 
neurons(Yang et al., 2009). We employed this sensitized background to screen through 
heterozygous deletions on the Drosophila third chromosome. From this screen we 
identified Abl as a dominant enhancer of midline crossing defects. We found that Abl 
mutations also dominantly enhance midline crossing defects in EW neurons when 
endogenous fra function is reduced using a hypomorphic allelic combination (frahypo, 
Figure 3.1a). We observed this enhancement using multiple Abl loss-of-function alleles, 
suggesting that Abl is the gene contributing to midline crossing in this background 
(Figure 3.1b,c). Additionally, we find that homozygous loss of Abl results in significant 
midline crossing defects in embryos expressing a weak DN-Fra construct (Figure 3.2b).  
Abl’s contribution to midline crossing has been previously reported; however, the 
phenotype of fra;Abl double mutants, which is stronger than either fra or Abl alone, 
suggests that Abl functions at least in part through a parallel pathway to promote midline 
crossing (Forsthoefel et al., 2005). This is not surprising given the proposed dual role of
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Figure 3.1 Abl functions in the Netrin pathway to promote EW midline axon 
crossing.
A,B, Stage 15 embryo expressing TauMycGFP in eagle-positive EW neurons. Axons are 
visualized with anti-GFP. Four segments are shown. Anterior is up. A, A fra3/fra6 
hypomorphic mutant embryo. Occasional defects in EW midline axon crossing occur 
(arrow). B, A fra3/fra6; Abl4/+ embryo. EW crossing defects are enhanced (arrows). C, 
Quantification of EW midline crossing defects in fra and Netrin mutants. While abl 
mutations dominantly enhance defects in fra3/fra6, they do not in NetA,B null mutants. ** 
p <0.01
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Abl in Slit-Robo-dependent midline repulsion (Bashaw et al., 2000; Wills et al., 2002; 
Hsouna et al., 2003; Lee et al., 2004; Hsouna and VanBerkum, 2008). However, this 
interpretation is complicated due to a substantial maternal contribution of Abl mRNA, 
which may compensate for zygotic loss of Abl in the embryonic CNS (Bennett and 
Hoffmann, 1992; Grevengoed et al., 2001). Thus a role for Abl in the Netrin-Fra pathway 
has not been clearly demonstrated in commissural neurons. To determine whether the 
dominant interactions we observe in fra hypomorphs reflects a role for Abl in Netrin 
signaling, we performed the same manipulations in Netrin null mutants (NetAB, 
Brankatschk and Dickson, 2006). If Abl functions in the Netrin-Fra pathway, we predict 
that Abl mutations would not enhance NetAB mutants, in contrast to frahypo mutants, 
because all of Netrin signaling is eliminated in this background. Indeed, we observe that 
Abl mutations do not dominantly enhance EW crossing defects in NetAB mutants, 
suggesting that the dominant interactions we observe are due to a role in the Netrin-
Frazzled pathway in these neurons (Figure 3.1c). 
3.4.2 Abl Promotes EW Axon Crossing through a Mechanism that is Partly Independent 
of Kinase Activity
To date, all of Abl’s identified axon guidance functions in Drosophila have been 
attributed to its kinase activity. Though a kinase-independent role for Abl has been 
identified in Drosophila, the nature of this function is unknown (Henkemeyer et al., 
1990). Additionally, as rescue experiments have not been previously performed in 
commissural neurons, an autonomous role in neurons for Abl’s pro-midline crossing 
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Figure 3.2 Abl's pro-crossing function relies partly on its kinase activity
A,B, Quantification of EW axon crossing defects in Abl mutants. A, frahypo  embryos. 
Expression of kinase-inactive Abl, AblKN,  in EW neurons rescues the dominant 
interaction between fra and Abl. Data from two independent transgenic UAS-AblKN lines 
are shown. B, Embryos expressing a weak DN-Fra transgene, which causes no defects in 
WT embryos (data not shown). AblWTGFP rescues midline crossing defects in Abl2 
homozygous mutants, though AblKNGFP does not.  * p<0.05, ** p<0.01 Genotypes are as 
follows: 
A, “frahypo”: fra3,[UAS-TauMycGFP]/ fra6 ; [eg-Gal4]/+, 
“Abl4/+”: fra3,[UAS-TauMycGFP]/ fra6 ; Abl4,[eg-Gal4]/+, 
“Abl1/+”: fra3,[UAS-TauMycGFP]/ fra6 ; [eg-Gal4]/Abl1, 
“Abl4/+; +UAS-AblK-N”: left, fra3,[UAS-TauMycGFP]/ fra6, [UAS-AblKN]2 ; Abl4,[eg-
Gal4]/+, right, fra3,[UAS-TauMycGFP]/ fra6 ; Abl4,[eg-Gal4]/[UAS-AblKNGFP]. 
B, “Abl2”: +/[UAS-TauMycGFP] ; Abl2/Abl2,[eg-Gal4] right: all are [UAS-DN-Fra]#8/
[UAS-TauMycGFP] ; Abl2, [eg-Gal4] / Abl2, [UAS-AblXGFP] 
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function has not been demonstrated. To address these issues, we sought to rescue EW 
axon midline crossing defects cell autonomously in embryos in which Abl function is 
reduced. We expressed kinase-inactive Abl (AblKN, Henkemeyer et al., 1990) in EW 
neurons using eg-Gal4. Interestingly, we find that expression of AblKN in frahypo ; Abl/+ 
embryos rescues the portion of EW midline crossing defects that is due to loss of Abl 
function (Figure 3.2a). These data suggest that Abl may perform a kinase-independent 
function in commissural neurons to promote midline axon crossing. 
 We have previously shown that Fra also promotes commissural axon guidance 
through Netrin-independent inhibition of the Slit-Robo pathway by increasing the 
expression of the Robo inhibitor, commissureless (Yang et al., 2009). It is conceivable 
that AblKN promotes midline crossing through inhibition of the Robo pathway, which 
could in principle explain our observations in EW neurons. To determine whether AblKN 
can inhibit Robo function, we expressed AblKN-GFP and wild-type Abl (AblWT-GFP) in 
the ipsilaterally projecting ap neurons using ap-Gal4. These neurons normally require 
Slit-Robo signaling; when Slit-Robo repulsion is reduced, ap axons ectopically cross the 
midline (Kidd et al., 1998b).  While AblWT induces ectopic ap axon crossing, AblKN does 
not, suggesting that AblKN does not inhibit Robo function, at least not to the degree that 
AblWT can. Importantly, the Abl transgenes we have used in these experiments are 
inserted in the same genomic locus and are expressed at similar levels based on anti-GFP 
immunostaining (data not shown). 
 Our observations in Abl heterozygous mutants do not preclude a role for Abl 
kinase activity in midline axon attraction. It is possible that in these experiments, kinase-
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dead Abl could cooperate with endogenous Abl in some way to promote midline axon 
crossing. To address whether Abl kinase function is at all required for midline axon 
attraction, we performed similar rescue experiments in Abl homozygous mutants 
expressing DN-Fra, as shown in Figure 3.2. In this genetic background, expression of 
AblWT rescues EW midline crossing defects.  However, in contrast to what we see in Abl 
heterozygous embryos, AblKN does not rescue midline crossing defects in these embryos, 
suggesting that kinase-dead Abl can cooperate with endogenous Abl to promote EW axon 
crossing. This result is reminiscent of what has been seen in fibroblasts lacking the Abl 
family member, Abl2/Arg.  In arg null cells, expression of the Arg C-terminus (lacking 
the kinase domain) or a kinase-inactive Arg can rescue adhesion-dependent protrusive 
activity, but only in conditions where some Abl kinase activity remains, provided by c-
Abl (Lapetina et al., 2009). Based on these data, we propose that Abl promotes midline 
axon crossing in commissural neurons through a function that in part requires Abl kinase 
activity. 
3.4.3 Abl Physically Interacts with Frazzled through its N-terminal SH2 Motif
It has been previously show than Abl can physically interact with Fra, but the functional 
consequences of this interaction are not known (Forsthoefel et al., 2005). To determine 
how Abl functions in commissural guidance, we sought to determine the structural motifs 
in Abl that regulate this interaction. When expressed in Drosophila S2R+ cells, Abl-GFP 
interacts with full length Fra-Myc by co-immunoprecipitation. This interaction maps to 
the N-terminus of Abl, which contains the SH3, SH2 and kinase domains (Figure 3.3a,d).
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Figure 3.3 Abl binds to Fra through its N-terminal SH2 motif 
A-C, Co-Immunoprecipitation of GFP-Abl fusions expressed in S2R+ cells with rabbit 
anti-Myc antibodies. Blots are using mouse-anti GFP and Mouse anti-Myc (indicated on 
the right). Constructs are indicated on top. A, Abl-FL and Abl-N, but not Abl-C, bind to 
Fra (compare lanes 2 and 3 to lane 4). B, AblR297KGFP does not bind to Fra, right lane 
(lane 5). C, Tyrosine phosphorylation of Fra is not required for the Abl-Fra interaction, as 
Fra-9YF pulls down Abl-GFP (lane 3). 
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To identify the domains that are required for this interaction, we mutated the conserved 
residues in these motifs that are known to facilitate substrate binding. For the SH3 
domain, we mutated the conserved Trp243 to Lysine  (AblW243KGFP), which is predicted 
to eliminate binding to proline-rich ligands (Musacchio et al., 1994; Yu et al., 1994). For 
the Abl SH2 motif, we changed the conserved Arg297 to Lysine (AblR297KGFP) to 
eliminate phosphotyrosine binding (Mayer et al., 1992; Waksman et al., 1992; 1993). We 
also tested whether Abl kinase activity is necessary for Fra interaction using the kinase-
inactive AblK417NGFP mutant. Through co-immunoprecipitation, we find that only the 
SH2 domain mutant, AblR297KGFP, is deficient in Fra binding, suggesting that the 
physical interaction could be mediated by a phosphorylated tyrosine (Figure 3.3b). To 
determine whether this interaction occurs through tyrosine residue in Fra’s cytoplasmic 
domain, we tested for binding with a Fra receptor in which all cytoplasmic tyrosines are 
mutated to phenylalanine (Fra9YF). We find that Abl still binds to this mutant Fra 
receptor, indicating that if binding occurs through phosphorylated tyrosines, this 
interaction must be indirect (Figure 3.3c). Thus Abl interacts with Frazzled through its 
SH2 motif, likely involving an indirect, phosphotyrosine-dependent interaction. 
3.4.4 The Abl C-terminus is necessary for Netrin-Dependent Commissural Axon 
Guidance
In vertebrates, the Abl C-terminus contains multiple cytoskeletal interaction domains, 
which mediate actin binding, bundling and actin-microtubule crosslinking (van Etten et 
al., 1994; Wang et al., 2001; Bradley and Koleske, 2009). As we have seen evidence for a 
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Figure 3.4 Abl C-terminus is necessary for Netrin-dependent responses 
A-F, S2R+ cells transfected with the indicated constructs treated with either control 
media (A-C), or NetB-conditioned media (D-F). Magenta, anti-Myc staining (Fra), green, 
anti-GFP staining (Abl) A, Untreated, Fra-transfected cells have a mostly rounded 
morphology with some projections. B, Untreated, Fra- and AblWT-transfected cells have a 
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similar morphology as (A). C, Untreated, Fra- and AblWT-transfected cells have a more 
rounded morphology. D, Netrin-treated, AblWT-transfected without Fra. Cells do not 
respond. E, Netrin-treated, Fra- and AblWT-transfected cells show large, membrane 
expansions on cell projections (arrows). F, These membrane expansions do not form in 
Netrin-treated, Fra- and AblN-transfected cells. G-I, Stage 16  Abl2 mutant embryos 
expressing the indicated Abl-GFP fusions in EW neurons using eg-Gal4. Four segments 
are shown. Anterior is up. G,  AblKNGFP has no effect in these embryos. H, AblWTGFP 
expression has no effect.  I, AblNGFP interferes with midline crossing of EW neurons 
(arrow). 
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kinase-independent function of Drosophila Abl, we hypothesize that this activity may 
occur through its C-terminal cytoskeletal interaction motifs, as has been seen in 
vertebrates (Miller et al., 2004; Lapetina et al., 2009). Because we have shown that Abl 
binds to Fra through its N-terminus, this allows us to test whether additional sequences 
outside of this domain are required for Netrin-dependent responses. If the Abl-Fra 
physical interaction is involved in Netrin signaling, we predict that expression of AblN 
would compete with endogenous Abl for Fra-binding. If C-terminal sequences are 
necessary for Abl’s function in midline axon crossing, we would expect this truncation to 
interfere with Netrin-dependent responses. 
 We have seen that Frazzled-expressing Drosophila S2R+ cells exhibit changes in 
cell morphology in response to Netrin-conditioned media (Figure 3.4). These changes 
include membrane expansions. When these cells co-express AblWT, they also display 
these membrane expansions in the presence of Netrin (Figure 3.4e). However, when we 
express AblN in these cells, these morphological changes are eliminated (Figure 3.4f), 
suggesting that C-terminal sequence of Abl may be required for these responses.
 To address whether AblN can interfere with commissural axon guidance, we 
expressed this construct in the EW neurons of Abl2 mutant embryos, which have few 
commissural defects (2.1±2% non-crossing, n=48 segments). As Abl mRNA is supplied 
maternally, the relatively mild defects in zygotic Abl mutants likely results from maternal 
compensation (Bennett and Hoffmann, 1992; Grevengoed et al., 2001). When AblN is 
expressed in these embryos, EW defects are dramatically increased (Figure 3.4i; 13.5±4% 
non-crossing, n=104 segments), consistent with what we have seen in S2R+ cells, and 
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suggesting that AblN may interfere with residual maternal Abl in EW neurons. 
Importantly, AblWT has no effect in this context (Figure 3.4h; 0% non-crossing, n=96 
segments). These results suggest that removal of Abl C-terminal sequence interferes with 
Netrin/Fra-dependent responses. 
 We have seen that AblWT can rescue midline crossing defects in Abl2 mutants 
when Fra function is partially inhibited (Figure 3.2b).  AblN, though, does not rescue EW 
midline crossing defects in these embryos (data not shown), consistent with our results in 
gain-of-function experiments. Taken together, these results suggest that Abl, through its 
C-terminus, promotes Netrin-dependent commissural axon guidance. 
3.4.5 Abl Promotes Axon Growth through its C-Terminus
A well-characterized function of Abl in Drosophila is to promote growth of embryonic 
motor axons (Wills et al., 1999b). This function is evident in RP motor neurons of the 
intersegmental nerve (ISNb), which normally innervate ventral body wall muscles 6,7,12 
and 13 (Figure 3.5a) (Sink and Whitington, 1991). In Abl mutants, these axons frequently 
stall prior to reaching their muscle targets (Figure 3.5b), presumably due to a defect in 
axon growth. We hypothesized that Abl’s function in this context might parallel what is 
seen in commissural neurons, namely that the Abl C-terminal cytoskeletal interaction 
motifs may be required in these neurons. To determine how Abl promotes axon growth, 
we rescued ISNb motor axon defects in Abl mutants by restoring Abl expression in RP 
motor neurons using Hb9Gal4. When AblWTGFP is expressed in Abl2 mutants, this stalling 
phenotype is rescued (Figure 3.5c). However, when AblNGFP is expressed, ISNb stalling
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Figure 3.5 Abl C-terminus is required for ISNb axon growth
A-D, Stage 17 embryos of indicated genotypes. Motor axons are visualized with anti-
FasII (magenta). Abl-GFP fusions are expressed in RP motor neurons with Hb9Gal4 and 
visualized with anti-GFP (green). Anterior is left. A, Control embryo, all three ventral 
muscle clefts are innervated (arrows). B, Abl2 mutant embryo. Occasional stalling occurs 
prior to reaching muscle 12 (asterisk). C, An Abl2 embryo rescued with AblWTGFP, all 
three ventral muscle clefts are innervated (arrows). D, An Abl2 embryo expressing 
AblNGFP, no rescue of ventral motor stalling. Stalling phenotype is enhanced in these 
embryos (asterisks). 
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phenotypes are exacerbated rather than rescued (Figure 3.5d). This suggests that, like in 
commissural neurons, Abl’s C-terminal domain is necessary for axon growth in motor 
neurons.
3.4.6 The Abl C-terminus is Dispensable for Inhibition of Slit-Robo Signaling 
Based on our results in commissural and motor neurons, we wondered if there are 
contexts where Abl functions through different mechanisms. In principle, this would be 
evident if different structural elements in Abl facilitate its distinct functions. In addition 
to promoting axon growth and commissural axon crossing, Abl plays a complex role in 
other midline and motor axon guidance pathways. In certain contexts, Abl can either 
promote or inhibit Slit-Robo dependent midline repulsive signaling (Bashaw et al., 2000; 
Wills et al., 2002; Hsouna et al., 2003; Lee et al., 2004). Abl also antagonizes the 
receptor-protein tyrosine phosphatase, Dlar, which is required for RP axon 
defasciculation toward ventral muscles (Wills et al., 1999a).  A common mechanism by 
which Abl inhibits both Robo and Dlar is through antagonism of enabled. Are Abl’s C-
terminal elements required for these activities like in commissural neurons? To address 
this, we expressed Abl in neurons that normally require Slit-Robo signaling or Dlar 
signaling. In slit/+ embryos, the normally ipsilateral projecting apterous neurons show 
occasional defects.  These ectopic midline crossing defects occur as a result of a 
reduction in Slit-Robo repulsion. When AblWTGFP is expressed in these neurons using 
apGal4, these defects are dramatically enhanced, suggesting that Abl can antagonize Slit-
Robo signaling in these neurons (Figure 3.6b). We then asked if the Abl C-terminus is 
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required for this activity. Strikingly, AblNGFP causes a similarly penetrant phenotype in 
these embryos (Figure 3.6c). Thus, the Abl C-terminus is dispensible for Abl’s ability to 
induce ectopic-ap axon midline crossing, likely through inhibition of Slit-Robo signaling. 
 To address whether Abl acts through a similar mechanism in motor axon 
defasciculation, we expressed Abl-GFP fusions pan-neurally using elav-Gal4. AblWTGFP 
expression results in a fully penetrant bypass phenotype (Figure 3.6b). This bypass 
phenotype occurs when ISNb axons fail to defasciculate, and instead continue to grow 
dorsally past their muscle targets. When we express AblNGFP, this results in a partially-
penetrant bypass phenotype, suggesting that the Abl N-terminus is sufficient for this 
activity, although to a lesser degree than full-length Abl. It has been previously shown 
that Abl kinase activity is required for this bypass phenotype and, consistently, 
AblKNGFP has no effect in this assay (Wills et al., 1999a). Thus Abl, through its N-
terminal kinase activity, can inhibit Slit-Robo signaling in midline neurons and inhibit 
defasciculation in motor axons. These activities, in contrast to its role in commissural 
guidance and RP motor axon growth, do not strictly require its C-terminal cytoskeletal 
interaction motifs. 
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Figure 3.6 The Abl N-terminus is sufficient to inhibit multiple guidance pathways
A-C, Stage 17 slit/+ embryos slit/+ expressing TauMycGFP  and indicated transgenes in 
ipsilateral apterous neurons under control of apGal4. 5 abdominal segments are shown. 
apterous axons are visualized with anti-GFP (green). FasII-positive ipsilateral axons are 
in magenta. Anterior is up. A, A slit/+ embryo. Occasional ectopic crossing occurs 
(arrows). B, A slit/+ embryo expressing AblWTGFP. Ectopic crossing is significantly 
enhanced. C, A slit/+ embryo expressing AblNGFP. Ectopic crossing is enhanced. D, 
Quantification of ap ectopic crossing defects. Expression of AblWTGFP and AblNGFP 
results a similarly penetrant phenotype, thus C-terminal sequences are not required for 
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this activity. E-G, Stage 17 embryos expressing the indicated Abl-GFP fusions under 
control of pan-neural Elav-Gal4. Motor axons are visualized with anti-FasII. Three 
segments are shown. Anterior is up. Approximate location of muscle clefts and muscle 
numbers are indicated. E, AblKNGFP has no effect when overexpressed. All three muscle 
clefts are properly innervated. F, AblWTGFP expression results in full ISNb bypass 
phenotype. G, AblNGFP expression generates ISNb bypass, although to a lesser degree 
than AblWTGFP.  ** p<0.01
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3.5 Discussion
In this work we have shown that Abl contributes to midline axon crossing in Drosophila 
commissural neurons, through a mechanism that relies on the Abl C-terminus and is 
partially kinase-independent. The genetic and physical interactions between Abl and Fra 
we have observed as well as the rescue and gain-of-function experiments suggest that Abl 
functions in the Netrin pathway to promote EW neuron midline crossing through 
interaction with the cytoplasmic domain of Fra. Similar to our results in commissural 
neurons, we have seen that motor axons require the Abl C-terminus for axon growth. We 
also show that some of Abl’s functions, namely inhibition of Slit-Robo repulsion and 
inhibition of motor axon defasciculation occur through a distinct, kinase-dependent 
mechanism that does not require the Abl C-terminus. Here we discuss these findings in 
light of our current knowledge of Abl’s cell-biological functions and we speculate about 
the mechanism by which Abl, through its C-terminus promotes axon growth. 
 We have shown that Abl interacts genetically and physically with the Netrin 
receptor, Frazzled. Our genetic interactions are consistent with earlier work suggesting 
that Abl promotes commissural axon guidance and physically interacts with Fra 
(Forsthoefel et al., 2005). Based on earlier work, it has been unclear whether Abl’s pro-
crossing function reflects a role in Netrin signal transduction in commissural neurons. 
Forsthoefel and colleagues observed enhancement of both NetAB and frazzled mutants in 
Abl heterozygotes by analyzing all commissural neurons using mAb BP102, suggesting 
that Abl may function in parallel to Netrin to promote midline crossing. However, not all 
Drosophila commissural neurons require Netrin function for midline axon crossing 
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(Mitchell et al., 1996), thus a more severe commissural phenotype in NetAB, Abl/+ 
mutants could reflect Abl function in Netrin-independent commissural neurons. Here we 
have analyzed Abl’s contribution to commissural guidance in EW neurons, which require 
Netrin signaling and in which Frazzled functions autonomously to direct midline axon 
crossing (Brankatschk and Dickson, 2006; Garbe et al., 2007). We find that in EW 
neurons, in contrast to earlier observations, reduction in Abl gene dose leads to increased 
EW midline crossing defects only in hypomorphic fra allelic combinations, not in NetAB 
null mutants. These results are consistent with Abl functioning in the Netrin pathway in 
commissural neurons. 
 How does Abl promote Netrin-dependent commissural axon guidance? Though 
we have replicated the findings of Forsthoefel and colleagues in demonstrating that Abl 
binds to Fra, our results suggest that in the context of Drosophila cells, this interaction 
may be indirect. Because we have seen that Abl requires a functional SH2 motif to 
interact with Fra when expressed in S2R+ cells, and that Fra’s cytoplasmic tyrosines are 
dispensable for binding, this physical interaction is likely to involve an intermediate, 
phosphotyrosine-containing protein. This hypothetical protein could be a target for Abl 
kinase-activity, and indeed, we have seen that kinase-dead Abl interacts more weakly 
with Fra than AblWT when expressed in S2R+ cells (data not shown). 
 Once bound to Fra, our results suggest that Abl’s C-terminus is necessary to 
promote midline axon crossing. Expression of the Abl-N-terminus, which can bind to Fra, 
does not rescue midline crossing defects in Abl mutants and instead, appears to act as a 
dominant-negative. We speculate that this occurs by occluding the interaction between 
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Fra and endogenous Abl. We have seen the AblN interferes with Netrin-dependent 
responses in both cultured cells and EW commissural neurons in vivo. Multiple functions 
have been attributed to the C-terminus of Abl family members in vertebrates, including F- 
and G-actin binding, F-actin bundling, microtubule binding, actin-microtubule cross-
linking, DNA binding as well as scaffolding functions (Bradley and Koleske, 2009). It is 
unclear which, if any, of these activities is retained in the Drosophila kinase, though 
primary sequence homology suggests that the F-actin binding activity is likely to be 
conserved.  There are several proline-rich regions in the Drosophila Abl C-terminus, 
which in vertebrate Abl family members allow for interaction with proteins involved in 
Abl-dependent cell protrusions. For Arg, these include the Arp2/3 regulator Cortactin 
(Lapetina et al., 2009), and for c-Abl, these include the scaffolding protein, Nck, and the 
Rac activator, CrkII (Ren et al., 1994; Antoku et al., 2008). It is interesting to note that 
Nck has been shown to interact with DCC in a complex that includes N-Wasp and is 
necessary for Netrin-dependent Rac activation (Li et al., 2002a; Shekarabi et al., 2005). It  
is presently unclear whether the Drosophila ortholog of Nck, Dreadlocks (Dock), 
performs a similar function. It is tempting to speculate that Abl, through its C-terminal F-
actin binding domain, could link Fra to actin filaments and promote the assembly of a 
complex to regulate cytoskeletal motility. Molecular genetic approaches in commissural 
neurons, as well as the identification of cytoskeletal interaction motifs in the Drosophila 
kinase should help to elucidate the role of the Abl C-terminus in commissural guidance. 
 Our results in commissural neurons suggest that Abl may serve a kinase-
independent function to promote midline axon crossing, as we have seen in Abl 
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heterozygous mutant embryos. However, a kinase-inactive Abl cannot functionally 
compensate for wild-type Abl in embryos lacking all zygotic Abl function, suggesting 
that Abl kinase activity is not absolutely dispensable for Abl’s pro-crossing function. 
Kinase-independent functions of Abl have been reported previously (Henkemeyer et al., 
1990; Lapetina et al., 2009). In fibroblasts, for example, the Arg C-terminus, through 
interaction with cortactin and Nck1, promotes adhesion-dependent protrusions. A kinase-
inactive Arg or C-terminal fragment can rescue protrusion defects in arg-/- cells, but not 
in arg-/-;abl-/- double knockout cells (Lapetina et al., 2009). In arg-/- cells, Abl, acting in 
trans, can substitute for Arg kinase activity. Thus, when Abl function is reduced below a 
threshold level, these kinase-independent functions can no longer be observed. Our 
results are consistent with these reports and the model for stepwise scaffolding and kinase 
functions of Abl in cell motility (Lapetina et al., 2009) and suggest that Abl may serve a 
similar function in Drosophila commissural neurons to promote Netrin-dependent axon 
attraction. 
 Finally, we show here that some of Abl’s functions do not depend on the C-
terminal domain, arguing that Abl must affect guidance pathways through different 
mechanisms. We have seen that similar to full length Abl, AblN can inhibit Slit-Robo 
repulsion in ipsilaterally-projecting apterous neurons, and can prevent motor axon  in 
motor axons. We speculate that, given that these two processes require the activity of the 
Abl substrate, enabled (ena), and that Abl-kinase activity is necessary for this gain of 
function effect, Abl acts to inhibit ena function in repulsion and defasciculation through 
its N-terminal kinase functions (Wills et al., 1999a; Bashaw et al., 2000). Thus, in 
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contrast to Abl’s role in commissural guidance and axon growth, this function occurs in 
the absence of C-terminal sequences, arguing that Abl’s paradoxical functions in axon 
guidance are provided by different structural motifs. 
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Chapter 4
A Genetic Screen Identifies the Cell Adhesion Molecule, Neurotactin, as 
a Regulator of Multiple Midline Guidance Pathways
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Abstract
Multiple axon guidance pathways coordinately act during development to establish the 
connection of left and right nervous system in bilaterally symmetric animals. An 
important context where these connections are established is the midline, a source of 
attractive and repulsive guidance cues. Our understanding of midline axon guidance 
signaling pathways is currently limited. To identify new factors that influence midline 
axon pathfinding, we undertook a genetic screen in Drosophila embryonic midline-
crossing (commissural) axons. For this screen, we took advantage of a sensitized genetic 
background, in which attractive Netrin signaling is limited in commissural axons, to 
identify heterozygous genomic deletions that enhance or suppress midline crossing 
defects. We have screened roughly 50% of the Drosophila 3rd chromosome, which 
accounts for roughly one-fifth of the genome. We have identified several candidate 
genomic intervals, one of which we have mapped to single genes. Here we summarize 
this screen, and provide evidence that the cell-adhesion molecule (CAM), Neurotactin, 
regulates multiple midline axon guidance pathways. 
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Introduction
Midline axon guidance signaling allows the establishment of left-right connectivity in 
bilaterally symmetric animals. The midline is an important context where multiple 
conserved signaling pathways converge to determine whether developing axons cross 
(commissural neurons) or do not cross (ipsilateral axons) en route to their final targets 
(Evans and Bashaw, 2010). Many guidance cues and their respective receptors that 
operate at this guidance target have already been identified, though many questions about 
how these receptors signal still remain. In Drosophila, midline axon crossing is primarily 
regulated by the repulsive Slit ligands, through their respective Roundabout (Robo) 
receptors, and the attractive Netrin ligands, NetA and NetB, through the DCC/Frazzled 
(Fra) receptor. Work in Drosophila has identified many genes involved in Slit-Robo 
signaling, including intracellular signaling effectors (Bashaw et al., 2000; Fritz and 
VanBerkum, 2000; Lee et al., 2004; O'Donnell et al., 2009; Banerjee et al., 2010); 
However, our knowledge of Netrin-Fra signal transduction in Drosophila is currently 
limited. Here we present findings from a genetic screen to identify factors involved in 
midline axon crossing in Drosophila, with emphasis on regulators of Netrin-Fra midline 
attraction. 
 Standard approaches for genetic screening in Drosophila embryos have two major 
limitations when examining a tissue-specific phenotype: (1) genes that are essential for 
embryonic viability or patterning cannot be identified using this method and (2) maternal 
contribution or redundant genes may mask the contribution of a gene to a particular 
process.  An alternative to these approaches is to use a sensitized genetic background in 
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which a particular signaling pathway is limited either in whole embryos or in a specific 
tissue. In such a background, partial reduction in function of a gene with broad roles in 
development may reveal tissue-specific functions. This approach can potentially 
overcome the two drawbacks of standard approaches. 
 Because our primary interest in this screen is to identify new factors involved in 
Netrin-Fra attraction, we sought to identify an effective sensitized background, in which 
commissural guidance defects can be modified by heterozygous mutation of genes 
involved in midline axon crossing. We have previously identified a particularly sensitive 
background that is generated through expression of a truncated Fra receptor, lacking its 
cytoplasmic domain (FraΔC, Figure 4.1a). This receptor, when expressed in commissural 
neurons, causes dosage-dependent defects in midline axon crossing (Figure 4.1c, f) 
(Garbe et al., 2007). Importantly, these commissural defects are enhanced by 
heterozygous mutations in genes that promote midline axon crossing, such as 
commissureless, (comm) (Yang et al., 2009). Thus, our approach to screen in this genetic 
background was to introduce heterozygous genomic deletions into this background, with 
the premise that genes involved in midline crossing should be contained in intervals that 
modify this phenotype (Figure 4.1b-g). We predict this approach will identify genes 
involved in Netrin-dependent axon attraction. Additionally, as many commissural axons 
still cross in Netrin null mutants, this approach may identify components of a potential 
parrallel attractive pathway. In this screen we have identified several candidate intervals, 
one of which has yielded two interacting genes encoding (1) the Abelson tyrosine kinase 
(Abl) and (2) the CAM Neurotactin (Nrt). We show here that nrt genetically interacts 
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with both the Net/fra and slit/robo pathways and contributes to longitudinal pathway 
formation by dMP2 axons. Additionally, Nrt physically interacts with the Robo receptor, 
providing a potential mechanism for some of the genetic interactions we have observed 
here. 
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Figure 4.1 A genetic screen to identify genes that promote or inhibit commissural 
axon guidance
A, Schematic of the FraΔC receptor used in this study. This receptor interferes with 
endogenous Fra when expressed in commissural neurons (Garbe et al., 2007). B-G, 
Conceptual basis for the primary screen. FraΔC is expressed in two different subsets, 
either pan-neurally using Elav-Gal4 (B-D) or in EW neurons using eg-Gal4 (E-G) causes 
defects in commissure formation (arrowheads in C) or in guidance of EW neurons (arrow 
in F). Heterozygous deletions introduced into these backgrounds are predicted to either 
enhance (D,G)  suppress, (B,E) or have no effect on guidance defects. mAb BP102 is 
used to visualize commissure formation (B-D, magenta). Anti-GFP is used to visualize 
expression of TauMycGFP in EW axons (E-G, green). 
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Materials and Methods
Molecular biology.  pUAST-NrtHA was cloned from a Nrt cDNA including 43 5'UTR 
nucleotides and fused to a C-terminal (extracellular) 3xHA epitope using serial overlap 
extension PCR. The Nrt stop codon, TAA, was converted to TAC to make the first 
tyrosine of the HA epitope. This product was cloned into pUAST using EcoR1/Xba1. All 
constructs were fully sequenced. Transgenic flies were generated by Best Gene, Inc 
(Chino Hills, Ca). 
Genetics. The following alleles were used in this study: fra3, fra6, slit2, Abl1, Abl2, Abl4, 
nrt1, nrt2, nrt5, egMZ360 (eg-Gal4), apGal4. A list of deletions used in this screen is provided 
in the appendix (Table 6.1). The following transgenes were used: (1) P{UAS-FraΔC}#4 
(Garbe et al., 2007),  (2)  P{UAS-TauMycGFP}2nd, (3) P{GAL4-elav.L}3. For the 
primary screen, the following stocks were used. (1) fra3, P{UAS-FraΔC}#4 / CyO, 
P{Tub:Gal80} ; P{GAL4-elav.L}3  and (2) P{UAS-FraΔC}#4, {UAS-TauMycGFP}2 / 
CyO, P{Tub:Gal80} ;  eg-Gal4.  Deletions were crossed into both of these two 
backgrounds. The secondary screen was conducted as a series of outcrosses of deletions 
into the following stock:  fra3, {UAS-TauMycGFP}2 / CyO ; TM2/TM6, P{Ubx:LacZ}. 
F1 progeny males were crossed to fra6 / CyO, wgLacZ ; eg-Gal4.  All crosses were 
performed using males or balanced females at 25°C. Embryos were genotyped using a 
combination of marked balancer chromosomes or the presence of linked transgenes. 
Where possible, all comparative phenotypes were analyzed in the same genetic 
background to limit the effects of potential modifier mutations. 
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Immunostaining/imaging. Dechorionated, formaldehyde-fixed, methanol-devittellinized 
embryos were fluorescently stained using standard methods. The following antibodies 
were used in this study: mouse mAb BP102 (1:100), mouse anti-Fasciclin-II/mAb 1D4 
(1:100), mouse mAb 22C10 (1:100), rabbit anti-GFP (Invitrogen #A11122, 1:500), rabbit 
anti-c-Myc (Sigma C3956, 1:500), Alexa-647 conjugated goat-anti-HRP (Jackson 
#123-605-021 1:250), Alexa-488 conjugated goat anti-HRP (Jackson, 1:250), Cyanine 3-
conjugated goat anti-mouse (Jackson #115-165-003, 1:1000), Alexa-488-conjugated goat 
anti-rabbit (Molecular Probes #A11008, 1:500). Embryos were mounted in 70% glycerol/
PBS. Fluorescent mRNA in situ hybridization was performed as described (Garbe and 
Bashaw, 2007). Phenotypes were analyzed and images were acquired using a spinning 
disk confocal system (Perkin Elmer) built on a Nikon Ti-U inverted microscope using a 
Nikon OFN25 60x objective with a Hamamatsu C10600-10B CCD camera and 
Yokogawa CSU-10 scanner head with Volocity imaging software. Images were processed 
using ImageJ. 
Cell culture/biochemistry
For co-immunoprecipitations, 106 Drosophila S2R+ cells were transfected at 25 degrees 
with indicated constructs (0.5 µg Fra-Myc/Robo-Myc, 1 µg Nrt-HA) along with 0.5 µg 
pMT-Gal4 using the effectene kit (Qiagen). After 24, cells were induced with 1mM 
CuSO4. 48h post-transfection, cells were washed 1x with PBS, then lysed in 1mL lysis 
buffer (50 mM Tris (pH 8), 100 mM NaCl, 1 mM MgCl2, 0.5% NP-40, 10 mM NaF, 2 
mM Na3VO4, 1mM PMSF, 1X Complete protease inhibitor cocktail (Roche).  Lysates 
132
were pre-cleared with protein-G agarose (Invitrogen), followed by addition of 2.5 uL of 
rabbit-anti Myc antibody (Millipore, 06–549) for 2h at 4 degrees. 30µL of protein G 
agarose were added per IP, followed by 3 washes in lysis buffer. For Western blot, we 
used Mouse anti-Myc (9E10, 1:1000) and mouse anti-HA (1:1000). 
Phenotypic quantification. For EW crossing phenotypes, whole-mount embryos were 
analyzed at stage 15 and 16. Eight abdominal segments were analyzed per embryo where 
possible, and for each embryo the percentage of non-crossing segments was calculated. 
A segment was considered “non-crossing” when both clusters of EW axons (6 axons per 
segment) failed to make an orthogonal turn toward the midline. Standard error (SEM) as 
depicted in figures was based on the number of embryos per genotype. For Elav screen, 
we sorted stage 15-16 embryos into three classes based on the severity of commissural 
phenotype base on mAb BP102 staining. The majority of embryos in this classification 
fell into category two “moderate defects”. For apterous ectopic crossing phenotypes, 
whole-mount embryos were analyzed at stage 17. Eight abdominal segments were scored 
per embryo. When a segment contained a continuous crossing projection of at least the 
thickness of incoming axons from ap cell bodies, it was considered an ectopic cross. For 
dMP2 pathfinding errors we analyzed stage 13 embryos using mAb 22C10. dMP2 was 
identified based on cell body position and axon morphology. A dMP2 axon was scored 
defective if we observed a failure to defasciculate from the ACC axon, or if the dMP2 
axon stalled. For statistical analysis of guidance phenotypes, Kruskal-Wallis one-way 
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analysis of variance, followed by Wilcoxon rank sum test for pairwise comparisons was 
performed within R software.
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4.4 Results
4.4.1 A Genetic Screen Identifies Several Genomic Intervals that Contribute to 
Commissural Axon Guidance
To generate a sensitized genetic background, we expressed FraΔC in the eagle-positive 
EW commissural neurons using eg-Gal4 (Figure 4.1e-g) or in all neurons using Elav-
Gal4 (Figure 4.1 b-d). When driven pan-neurally, this transgene generates an intermediate 
phenotype (similar to Figure 4.1c). With eg-Gal4, the phenotypic defects generated are 
relatively severe (~90% non-crossing EW axons, similar to Figure 4.1g). We reasoned 
that by having both intermediate (elav-Gal4) and severe (eg-Gal4) phenotypes, we should 
isolate both enhancer and suppressor loci. We introduced heterozygous deletions into 
these backgrounds spanning the Drosophila third chromosome. We estimate that this 
screen covered approximately 52% of the third chromosome (3L: 44 Dfs, 75% covered, 
13.8% double coverage, mean interval: 440kb, 3R: 31Dfs, 36.6% covered, 4% double 
coverage, mean interval: 280kb), which accounts for 22.5% of the Drosophila genome. 
 From this primary screen we identified 21 deletions (13 enhancers, 7 suppressors, 
1 enhancer and suppressor, Table 4.1) that either enhanced or suppressed the midline 
crossing phenotype in these embryos. For the pan-neural screen, we identified 14 
enhancing deletions and 3 suppressing deletions. For the EW screen, we identified 7 
suppressor deletions. Three deletions were identified in both genetic backgrounds. From 
these candidates, 17 were chosen to use in a secondary screen. To eliminate the 
possibility that any of these intervals modify the midline crossing phenotype by altering 
FraΔC expression levels, we sought a different genetic background. We have seen that 
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Table 4.1 A summary of primary screen results
21 deletions were identified in the primary screen as either enhancing or suppressing 
commissural guidance defects. Enhancers (red) and suppressors (green) are were 
identified in either the pan-neural screen (Elav::DeltaC) or in the EW screen 
(Eg::DeltaC), or both. N/A indicates that a deletion did was not identified in a particular 
screen, or was not screened. For Elav screen, we sorted embryos phenotypically into 
three classes (class 1 = ”mild”, class 2 = “moderate”, class 3 = “comm”). Most embryos 
in this background fall into class 2. enhancers are expressed as the percentage of embryos 
with severe commissural defects (% comm). A negative value means that a percentage of 
embryos showed a milder phenotype. For EW crossing defects embryos were classified 8 
categories, based on the number of EW non-crossing segments (of 8 segments). The 
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strongest class included embryos with both 7 and 8 non-crossing segments, hence the 
upper and lower penetrance in the table. 
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Figure 4.2 Secondary screen results
17 different heterozygous deletions, identified in the primary screen were introduced into 
fra3/fra6 mutants, and we scored EW crossing phenotype. Each deletion is indicated by a 
stock number (for details on each Df, see Table 4.1). “+” indicates the control 
background. Data is represented as the percentage of non-crossing segments. Deletions 
are colored according to whether the were originally identified as enhancers (red) or 
suppressors (green). Significantly enhancing deletions are indicated. Error bars indicate 
SEM. Data were analyzed using Kruskal Wallis ANOVA followed by Wilcoxon rank-sum 
test. A post-hoc holm correction was applied to account for multiple comparisons. * p < 
0.05, ** p < 0.01, *** p < 0.001. 
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Table 4.2 Summary of enhancers
This table lists the intervals that significantly enhance EW defects in fra3/fra6  embryos 
(for data, see Figure 4.2). Included are potential candidate genes contained in each 
interval, as well as smaller deletions that can be used to refine the interacting loci. 
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in fra hypomorphic allelic combinations (fra3/fra6), heterozygous comm mutations 
enhance EW crossing defects (Yang et al., 2009).  Thus, we reasoned that this would be 
an appropriate genetic background for the secondary screen (Figure 4.2). 
 Seven of the enhancers identified in the primary screen were replicated in this 
secondary screen (Figure 4.2) after correcting for multiple comparisons, yielding a 
roughly 50% false-positive rate for the primary screen enhancers. None of the 
suppressors identified in the primary screen suppressed in this background, though one of 
these significantly enhanced the fra3/fra6 EW phenotype. Given that most of the 
suppressors were isolated in the EW screen, these results suggest that this genetic 
background may not reliably detect suppressors, at least not those that genetically interact  
with fra. In summary, we have identified 7 intervals that dominantly enhance midline 
crossing defects in multiple genetic backgrounds (Table 4.2). 
4.4.2 Nrt and Abl Genetically Interact with Fra in EW Commissural Axon guidance
Of the enhancers that we identified in our primary and secondary screens, one interval 
was by far the strongest modifier in EW neurons, Df(3L)ED223. We decided to map the 
gene(s) responsible for this interaction by using overlapping deletions. We chose the fra3/
fra6 background for mapping because this phenotype is more readily quantified, and 
because Df(3L)ED223 strongly enhances defects in this background. Using overlapping 
deletions, we find that the gene responsible for this enhancement lies in a small genomic 
interval. This interval contains three genes that have been implicated in axon guidance, 
Abl, nrt, and disabled (dab) (Figure 4.3). Additionally, we find that one of the intervals
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Figure 4.3 Nrt and Abl interact with fra in commissural axon guidance
A, Schematic showing the minimally mapped interval for the enhancer identified in the 
primary screen, Df(3L)ED223. The breakpoints of the two deletions included in this 
figure are indicated in blue. Df(3L)ED223 (not pictured) does not include fax, but 
includes Abl. B-E, micrographs showing 4 embryonic abdominal segments in stage 15 
embryos of the indicated genotypes. CNS axons are labeled with mAb BP102 (magenta). 
EW axons are labeled with anti-GFP to visualize TauMycGFP expressed in these 
neurons. B, A frahypo embryo, mild EW defects (asterisks) and defective commissure can 
be observed (top-right panel). C, frahypo; Abl1/+ embryo, EW defects are enhanced 
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(asterisks). Commissures are not obviously more affected, (see top-right panel). D, A 
frahypo; nrt5/+embryo, both EW defects and commissure formation are affected. E, A 
frahypo; Abl1 nrtm54/+ embryo. Commissural defect are as severe as a deletion of these two 
genes. F, Quantification of EW crossing defects. Both Abl and nrt heterozygous 
mutations enhance EW crossing defects in frahypo mutants.
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we tested, Df(3L)ED4606, generates a stronger phenotype than the other two, so there 
may be another gene in this locus that contributes to EW axon crossing, possibly failed 
axon connections (fax). 
 To identify the gene(s) responsible for this effect, we acquired mutant alleles for 
two of the three candidates, Abl and nrt, as well as a compound Abl1, nrtm54 mutant stock. 
When either Abl/+ or nrt/+ heterozygous mutations are introduced in fra3/fra6 mutants, 
the EW crossing phenotype is significantly enhanced (Figure 4.3c,d,f). We observed this 
enhancement using multiple independent alleles of either Abl or nrt. Moreover, a 
compound heterozygote, Abl1, nrtm54/+, generates a quantitatively stronger phenotype 
than either heterozygous mutant alone in fra hypomorphs (Figure 4.3e). Because the 
penetrance in these compound Abl1, nrtm54/+ embryos is similar to that of the 
deficiencies, we conclude that these are likely the two genes responsible for the dominant  
enhancement we observe (Figure 4.3f). These results likely explain why this particular 
interval stood out as the strongest enhancer in our screen.
 To determine whether Abl or Nrt play a role in other commissural neurons, we 
examined the embryonic CNS phenotype of fra hypomorphs with heterozygous Abl or nrt 
mutations using the CNS axon marker, mAb BP102. Using this marker, we find that both 
Abl and nrt dominantly enhance the phenotype of fra hypomorphs, suggesting that these 
two genes may function broadly in commissural neurons to promote midline crossing. 
This enhancement of broad commissural defects is most evident in nrt and Abl,nrt 
compound heterozygous mutant embryos. These results suggest that both Abl and Nrt 
may cooperate with Fra to promote commissural axon guidance. 
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Figure 4.4 Nrt is expressed in EW neurons and localizes to axons and cell junctions
A, Micrograph showing a stage 15 embryo labeled with anti-Nrt (mAb BP106) and anti-
GFP to label EW neurons expressing TauMycGFP. Nrt localizes to cell bodies and axons. 
Anterior is up. B-D, Magnified view of boxed region in (A). B,C, Nrt is expressed in 
EW neurons and appears to localize to EW cell junctions. D, Z-projections indicate that 
Nrt is likely expressed on the EW cell membrane and appears enriched at cell junctions. 
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4.4.3 Nrt is Expressed in EW Neurons and Localizes to Axons and Cell Junctions
Nrt encodes a cholinesterase-like cell adhesion molecule (CLAM) (Barthalay et al., 1990; 
Hortsch et al., 1990; La Escalera et al., 1990). In culture, Neurotactin mediates 
heterophilic adhesion in the presence of one its ligands, amalgam (Frémion et al., 2000). 
Nrt mutations were initially isolated in a screen for dominant enhancers of pupal lethality 
of Abl mutants, and double Abl, nrt mutants have dramatic commissural defects (Gertler 
et al., 1989). Nrt mutations also cause dramatic pathfinding defects in backgrounds 
lacking other CAMs in the embryonic CNS. 
 To determine how Neurotactin contributes to midline axon crossing, we analyzed 
its expression in the CNS using mAb BP106 (Hortsch et al., 1990). We find that, 
consistent with previous reports, Nrt localizes to CNS cell bodies and axons (Figure 
4.4a). We also find that Nrt is expressed in EW neurons and appears to be enriched at 
cell-cell junctions (Figure 4.4b-d). Thus, Nrt, which is broadly expressed, may act either 
in EW neurons or in other neurons to promote midline axon crossing.
4.4.4 Nrt Maternal Mutants have Defects in Formation of Longitudinal Connectives
Nrt zygotic mutant embryos have few defects in embryonic guidance pathways (Speicher 
et al., 1998). Consistently, we do not observed EW crossing defects in nrt5 zygotic 
mutants (data not shown). It is possible that the lack of guidance defects in these mutants 
could be due to maternal contribution. To address this, we generated maternal-zygotic nrt 
mutant embryos (nrtMZ). We took advantage of the fact that viable adults bearing nrt 
mutations can be recovered to collect nrt5/nrt2 mutant females (Speicher et al., 1998). 
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Figure 4.5 Nrt is necessary for guidance of longitudinal pioneer axons
A,B, Stage 15 embryos labeled with mAb BP102 to label CNS axons. Anterior is up. A, 
A wild-type embryo, commissures and longitudinal connectives have formed. B, A nrtMZ 
mutant embryo, longitudinal connectives are thinner than normal (arrows) and occasional 
breaks can be observed (asterisk). C,D, G-I. Stage early 13 embryos visualizing pioneer 
axons with mAb 22C10 as well as anti-HRP to label all axons. C,D In WT embryos, 
dMP2 growth cones have established initial connections with the next posterior 
neuromere (see cartoon in E). G,H In fra mutants, dMP2 axons occasionally misroute or 
stall (arrows). I In nrtMZ, we observed a similar phenotype (arrows). E,F Cartoon 
depicting the hypothesized origin of longitudinal breaks in fra and nrt mutants. dMP2 
axons stall or misroute, failing to pioneer the longitudinal pathway. J, Quantification of 
dMP2 pathfinding errors. fra  and nrtMZ mutants have similarly penetrant defects 
compared to WT controls. nrtM/TM3 indicates maternal mutant, zygotically rescued 
embryos. 
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These females were crossed to nrt5/TM3 males. However, when we examine EW axon 
pathfinding in nrtMZ, we find no midline crossing defects (data not shown). These results 
suggest that nrt is not essential for EW axon pathfinding. 
 When examining nrtMZ embryos using mAb BP102, we noticed that occasional 
longitudinal breaks occur in these embryos (Figure 4.5b). These defects are reminiscent 
of longitudinal breaks that occur in fra and NetAB mutants and in the latter cases are the 
result of aberrant pathfinding by longitudinal pioneer axons, including the dMP2 neuron 
(Figure 4.5e)(Hiramoto et al., 2000). To analyze whether there are defects in dMP2 
pathfinding in nrtMZ  embryos, we used the mAb 22C10 to label pioneer axons (Figure 
4.5c,d). We find that, similar to fra mutants, nrtMZ  embryos have defects in dMP2 axon 
pathfinding, which include stalling and ectopic exit (Figure 4.5g-j). These results suggest 
that, like Fra and Netrin, Nrt is required for the guidance of longitudinal pioneer axons.  
 As nrt and fra mutants have defects in dMP2 guidance, but nrt mutants do not 
affect EW axon guidance, we wondered whether the EW guidance defects we see in 
frahypo; nrt/+ embyros could in part be a secondary consequence of longitudinal pioneer 
defects. To explore this possibility, we analyzed the relative locations of dMP2 and EW 
axons during early development. At stage 13, before EW neurons have sent out axons, we 
see that dMP2 axons sit directly apposed to EW cell bodies (Figure 4.6a-d). EW cell 
bodies are initially located just ventral to the nascent longitudinal connective, suggesting 
that perhaps longitudinal pioneers could influence the guidance of EW neurons. 
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Figure 4.6 EW cell bodies and dMP2 axons are in contact during axon guidance
A, Stage 13 embryo showing dMP2 axon (mAb 22C10, magenta), which has just crossed 
the intersegmental boundary in contact with the next posterior segment. EW neuron is 
visualized with anti-GFP to label TauMycGFP driven by eg-Gal4. EW neuron cell bodies 
sit directly in the pathway of dMP2 during this stage. Anterior is to the top-left.  B-D, Z-
projections indicate that the dMP2 axon contacts the EW cell bodies at this stage. C,D Z-
projections of the indicated lines in (B).
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4.4.5 Nrt Binds Robo and Contributes to Midline Repulsion
 To understand how Neurotactin contributes to midline guidance, we hypothesized 
that it may physically interact with Fra. We thus attempted to identify a potential physical 
interaction by co-expressing Nrt and Fra in Drosophila S2R+ cells. However, in a co-
immunoprecipitation experiment, we were surprised to see that Nrt, instead of binding 
Fra, appears to interact with Robo when co-expressed in S2R+ cells (Figure 4.7a). We 
thus asked whether nrt could also contribute to midline repulsion, as it apparently does 
for midline attraction. Embryos with reduced Slit-Robo signaling (slit/+) have partially-
penetrant defects in axon guidance of ipsilateral neurons, ap neurons, which ectopically 
cross the midline. When heterozygous nrt mutations are introduced into this background, 
these ap-axon crossing defects are enhanced, suggesting that, as in midline attraction, Nrt 
contributes to midline repulsion. 
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Figure 4.7 Nrt interacts physically with Robo and contributes to midline repulsion
A, Immunoprecipitation of epitope-tagged Fra and Robo expressed along with Nrt-HA in 
Drosophila S2R+ cells. Nrt-HA appears to interact with Robo but not Fra here (compare 
lane 4 to lanes 2 and 5). B, Quantification of ap axon ectopic crossing in the indicated 
genetic backgrounds. Heterozygous nrt5 mutation enhances ectopic crossing defects in 
slit heterozygotes. 
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4.5 Discussion
In a genetic screen for genes involved in midline axon pathfinding we have identified the 
Abl and nrt genes as well as several candidate genomic intervals that promote midline 
axon crossing. Nrt genetically interacts with fra multiple genetic backgrounds and nrt 
mutants have similar phenotype as fra mutants in the guidance of longitudinal pioneer 
axons. Furthermore, nrt also genetically interacts with the slit-robo pathway, suggesting 
that Nrt may function in multiple guidance processes. Here we discuss the results of this 
genetic screen and propose experiments to further resolve the role of Nrt in midline axon 
guidance. 
4.5.1 Nrt Functions along with Abl and Fra in Commissural Axon guidance 
We have seen that Nrt mutations strongly enhance commissural guidance defects in fra 
mutant embryos. These genetic interactions are strikingly similar to what is seen in when 
nrt mutations are introduced into Abl mutants (Gertler et al., 1989; Frémion et al., 2000). 
Because we have seen that Abl contributes to Netrin-Fra dependent commissural 
guidance (O’Donnell and Bashaw, unpublished data), we suspect that this is reflective of 
a shared role for Fra, Abl, and nrt in this process. This function is likely to be in parallel 
to Netrin-signaling, because nrt single mutants have no commissural guidance defects. 
This interpretation assumes that no other similar gene functions redundantly with nrt in 
this process. 
 How does Nrt contribute to commissural guidance? Several observations suggest 
that it promotes cell-adhesion. Nrt belongs to a group of catalytically inactive 
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cholinesterase-like cell-adhesion proteins which includes neuroligins (Scholl and 
Scheiffele, 2003). In Drosophila S2 cells, Nrt promotes adhesion, but only in the 
presence of one of its ligands, which are Ig-domain-containing secreted factors such as 
Amalgam (Darboux et al., 1996; Frémion et al., 2000; Liebl et al., 2003). In this context, 
Nrt appears to signal through its cytoplasmic domain, though no intracellular effectors for 
this process have been identified. There appear to be several genes in the chromosomal 
region surrounding Abl and nrt that may contribute to commissural guidance, including 
fax and disabled (dab), as well as an unidentified gene (Liebl et al., 2003). Consistently, 
we have seen that one of our mapping deletions generates stronger EW defects in 
compared to the two that remove nrt and Abl or compared to Abl, nrt compound mutants. 
Finer mapping in this interval may reveal additional genes that contribute to this process. 
4.5.2 Nrt Contributes to Multiple Axon Guidance Decisions
We have observed that in nrtMZ mutants, defects in formation of longitudinal axon 
pathways occur and these are likely due in part to defects in the guidance of the 
longitudinal pioneer, dMP2. These defects are similar to what is seen in fra and NetAB 
mutants and are thought to occur through a non-autonomous function by presenting 
Netrin to an unidentified receptor in dMP2 neurons (Hiramoto et al., 2000). Could Nrt be 
this unidentified Netrin receptor? The only identified ligand for Neurotactin, Amalgam, is 
an Ig-containing secreted factor with no homology to Netrin (Frémion et al., 2000). 
However, perhaps Frazzled, through its Ig domains could serve as a ligand for Nrt in 
dMP2 neurons. We do not see evidence that Nrt interacts with Fra when expressed in 
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Drosophila cells, though these experiments were performed in the absence of Netrin. 
Further biochemical characterization in combination with rescue experiments by re-
expression of Nrt in dMP2 neurons in nrtMZ mutants should shed light on Nrt’s role in 
longitudinal pioneers. 
 Though we have little understanding of how Nrt signals through its cytoplasmic 
domain, Hiramoto and colleagues (2006) have shown that the unidentified Netrin 
receptor in these neurons likely signals through a Gq- and inositol 1,4,5 trisphosphate 
(IP3)-dependent pathway, and thus likely encodes or signals along with a G-protein 
coupled receptor. Interestingly, deletion of a gene encoding Gαq, Galpha49B, in 
combination with fra results in stronger commissural defects that fra mutants alone, 
similar to what we observe in fra;nrt mutants (Ratnaparkhi et al., 2002). If Nrt functions 
in these neurons, then perhaps it could function in combination with this unidentified G-
protein coupled receptor, shedding light on how Nrt can signal to promote cell adhesion 
and axon guidance.
  We have also observed preliminary evidence that Nrt can physically interact with 
Robo when co-expressed in S2R+ cells. Consistent with this observation, we see that nrt 
mutations dominantly enhance ap midline crossing defects in embryos with reduced Slit-
Robo signaling. This suggests that Nrt might contribute to midline repulsion as well as 
midline attraction. How can we resolve this paradoxical observation? It may be that Nrt 
provides an essential adhesive function that is necessary for axon pathfinding regardless 
of the guidance pathway. When a particular pathway is limited, this role is revealed. This 
would be consistent with observations involving other cell adhesion molecules in 
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Drosophila axon guidance (Elkins et al., 1990; Grenningloh et al., 1991; Chiba et al., 
1995; Speicher et al., 1998). Though this is quite speculative, if Nrt indeed has the role in 
dMP2 neurons that I propose above, then this physical interaction would provide a 
mechanism by which Robo could interfere with this Netrin-dependent process (Hiramoto 
and Hiromi, 2006). 
4.5.3 An Early Function for Nrt and Fra During Gastrulation?
Nrt protein also localizes to cell-cell junctions during cellularization, in gastrulating 
embryos and in CNS neurons, all contexts where Abl functions in cell-adhesion (La 
Escalera et al., 1990; Bennett and Hoffmann, 1992; Grevengoed et al., 2001; Fox and 
Peifer, 2007). This suggests that Abl may function along with Neurotactin in these 
processes. Interestingly, we have seen that fra mRNA localizes dorsally in embryos prior 
to and during early gastrulation, in a pattern reminiscent of the the dorsal expression 
domain of Abl and Nrt at this stage (Figure 6.1, (La Escalera et al., 1990; Bennett and 
Hoffmann, 1992)). This suggests the exciting possibility that Fra could play an additional 
role in early development, perhaps in cooperation with Nrt and Abl. Some evidence also 
supports the possibility that Fra may have early functions in the embryo. The early 
embryonic expression pattern suggest that Fra mRNA might be maternally supplied and 
consistently, we have been unable to obtain maternal-zygotic fra mutant embryos from 
germ-line clones, despite several attempts using multiple fra alleles, suggesting that Fra 
might have an essential early function. By more carefully resolving this early fra 
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expression pattern, along with approaches to limit fra in early embryos may reveal a 
function for Fra during gastrulation.  
4.5.4 Identification of Novel Genes that Regulate Midline Axon Crossing
In this study we have identified several candidate intervals that contribute to commissural 
axon guidance. To date, only one of these candidate intervals has been resolved to the 
level of single genes. Thus many new genes that contribute to midline guidance await 
identification. Additionally, this screen served as a pilot screen to optimize screening 
conditions prior to conducting a larger scale, whole genome screen. Our preliminary 
evidence suggest that this expanded screen will identify novel genes that contribute to 
midline axon guidance, furthering our understanding of this important process in neural 
development. 
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 Chapter 5 
Conclusions and Future Directions
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5.1 Introduction
In this work, I have identified two new mechanisms by which commissural axon 
guidance is regulated in vivo. First, I have presented evidence that a well-accepted model 
for Netrin signal transduction, based primarily on in vitro observations, does not likely 
operate in Drosophila commissural neurons in vivo. Src kinases have been proposed to 
initiate an intracellular signaling cascade downstream of Netrin-DCC interaction; 
however, in Drosophila, Src kinases are dispensable for Netrin-dependent attraction and 
instead, likely antagonize midline axon crossing through an unidentified pathway. 
Second, I have found that the Abl tyrosine kinase contributes to Netrin-dependent axon 
attraction, acting in a different way than has been proposed for Src kinases. Abl interacts 
with Fra and promotes midline axon crossing through its C-terminal domain. Abl acts 
through a mechanism that is partly kinase-independent, suggesting that Abl may act in 
multiple steps during the process of Netrin-dependent axon guidance. This work 
highlights the importance of studying axon guidance signaling in vivo and suggests that 
unidentified mechanisms for Netrin signal transduction await identification. Here I 
discuss these findings in light of our current understanding of Netrin-dependent axon 
guidance and suggest new directions to follow this work. 
5.2 Netrin Signaling: Perspectives from in vivo Observations
Our understanding of Netrin signal transduction has been greatly advanced by the 
identification of signaling pathways and effectors that are necessary for Netrin-dependent 
axon outgrowth and turning in vitro (Round and Stein, 2007). To date, though, only a 
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fraction of these have been examined or confirmed in vivo. This has been complicated by 
a number of factors. First, reagents that have been used to effectively inhibit and identify 
signaling pathways in vitro cannot in most cases be applied in vivo. Second, many factors 
that have been proposed to function in Netrin signaling play broad roles in development, 
complicating the analysis of guidance defects in whole embryo mutants. Third, 
commissural axon guidance is an early developmental event in most organisms and in 
many cases, maternal contributions can obscure a requirement for a particular factor in 
Netrin signaling. Nonetheless, some progress has been made in modeling Netrin 
signaling in vivo, which I highlight here. 
 The prevailing view of Netrin-DCC dependent axon attraction suggests that there 
are at least three main signaling outputs of this pathway which all contribute to growth 
cone turning. First, Netrin, through DCC is thought to activate a Src family kinase (SFK)-
dependent signaling cascade that leads to local activation of Rho GTPases, Cdc42 and 
Rac, which engage the cytoskeleton through their effectors PAK and N-Wasp. Second, 
DCC through phospholipid signaling, initiates local Ca2+ influx through a combination of 
intracellular stores and extracellular L-type calcium channels (LCC) as well as transient 
receptor potential (TRP) channels. Third, DCC, acting through its P1 motif, interacts with 
ribosomal subunits to locally activate translation, which requires MAP kinase (MAPK) 
signaling (Lai Wing Sun et al., 2011). In the following section, I summarize in vivo 
genetic evidence for the first of these three models, and suggest further experiments, with 
emphasis in Drosophila, to further our understanding of Netrin signaling in commissural 
axon guidance. 
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5.3 The Rac-Activation Model for Netrin-DCC Signaling
The first clue that Rac activation was involved in Netrin signaling came from Li and 
colleagues (2002), who observed that the Rho GTPase inhibitor, toxin B, blocks Netrin-
dependent axon outgrowth in commissural explant cultures. They found that in 
neuroblastoma cells, Netrin increased Rac activity and that inhibition of Rac or Cdc42 
eliminates neurite outgrowth in response to Netrin. It was subsequently shown that both 
Rac and Cdc42 are activated in commissural neurons after Netrin treatment and that both 
are required for growth cone expansion (Shekarabi et al., 2005). These data are supported 
by in vivo observations in C. elegans, in which the Rac GTPase, ced-10, functions in 
parallel to unc-34/ena in unc-6/netrin-dependent guidance responses (Gitai et al., 2003). 
In this case, however, ced-10 single mutants have relatively mild ventral guidance 
defects. This suggests that parallel pathways can function redundantly in this context, 
likely through the other C. elegans Rac-like genes, mig-2 or rac2/3 (Lundquist et al., 
2001).  Analysis of ventral axon guidance in double or triple mutants could resolve this 
question. Evidence to support a role for Rac in Netrin-dependent commissural axon 
guidance in Drosophila and mouse embryos is currently lacking. Forebrain-specific 
knockout of Rac1 in mice results in defects in formation of forebrain commissures, 
similar to Netrin or DCC mutants, though spinal commissural neurons have not been 
analyzed in Rac1 mutants. Consistent with these observations, we have seen that limiting 
rac gene dose in Drosophila enhances EW crossing defects in frahypo mutants (O'Donnell 
and Bashaw, unpublished observations), suggesting Rac may play a similar role in 
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Drosophila. Thus, Rac activation is likely an obligate step in Netrin-DCC signaling, 
based on evidence in vitro and in vivo. 
 How does DCC activate Rac and what effect does Rac have on cytoskeletal 
dynamics in this context? Several cytoplasmic effectors are proposed to mediate Rac 
activation downstream of DCC. These include the constitutively DCC-bound Nck1 (Li et 
al., 2002a; Shekarabi et al., 2005) and FAK (Li et al., 2004; Ren et al., 2004; Li et al., 
2006). Several factors are recruited to DCC upon Netrin binding and are proposed to 
mediate Netrin-dependent Rac activation and axon attraction, including SFKs (Li et al., 
2004; Meriane et al., 2004; Li et al., 2006), PAK1 (Shekarabi et al., 2005), N-WASP 
(Shekarabi et al., 2005), as well as the GTPases Rac and Cdc42 themselves (Shekarabi et 
al., 2005). Additionally, other factors are proposed to mediate Netrin-induced Rac 
activation including the Rac GEFs, Trio (Briançon-Marjollet et al., 2008) and DOCK180 
(Li et al., 2008b), and the adaptor protein, p130CAS (Liu et al., 2007). Some of these 
candidate have been analyzed by genetic mutation in vivo. 
5.3.1 Upstream Rac Regulators 
Of the proposed upstream regulators of Rac (FAK, Nck, SFKs, Trio, DOCK180), only 
Trio has genetic evidence suggesting it functions with DCC in commissural axon 
guidance. As I discuss in Chapter 1, Trio does not likely mediate Rac activation in spinal 
commissural neurons, as these are relatively normal in Trio-/- mice (Briançon-Marjollet 
et al., 2008). Furthermore, genetic evidence in C. elegans suggests that Trio's role may be 
upstream of DCC, thus we must be cautious in interpreting Trio loss of function 
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phenotypes (Levy-Strumpf and Culotti, 2007). Explant experiments and RNAi 
knockdown  in vivo suggest that DOCK180 is required for Rac activation in commissural 
neurons (Li et al., 2008b). DOCK180 mutant mice do not apparently phenocopy defects 
in neural tissue seen in Netrin and DCC mutant mice (Serafini et al., 1996; Fazeli et al., 
1997; Laurin et al., 2008; Lai Wing Sun et al., 2011), though it is unclear whether these 
mice have been analyzed for subtle commissural guidance defects. Clearly, however, 
there are differences between the in vitro requirements of these two GEFs and the 
consequences of their respective genetic removal. The Drosophila ortholog of DOCK180, 
myoblast city (mbc), have CNS defects which have not been carefully analyzed, though 
the pleiotropic defects in these mutants may confound interpretation (Nolan et al., 1998). 
p130CAS mutants have not been examined for commissural guidance defects in mice, 
although RNAi knockdown results in defects in commissural guidance, similar to what is 
seen for DOCK180 (Liu et al., 2004). In Drosophila, p130CAS mutants have motor axon 
guidance defects, but commissural guidance seems normal (Huang et al., 2007). Fawcett 
and colleagues generated neural-specific deletion of Nck family members (Nck1/Nck2), 
and the resulting mice have coordination defects, similar to what is seen when either 
EphA4 or Netrin signaling is lost (Kullander et al., 2003; Fawcett et al., 2007; Rabe et al., 
2009; Bernhardt et al., 2012). However, much of this phenotype can be attributed to 
ectopic spinal axon crossing, similar to loss of EphA4 signaling. Commissural guidance 
has not been studied in Fak mutants, but in Drosophila, fak null mutants are viable and 
fertile. As mentioned in Chapter 2, single mutants for Src and Fyn do not have severe 
guidance defects in mice, but could likely function redundantly.
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 5.3.2 Rac Effectors
Of downstream Rac effectors in this model, there is evidence that Pak-encoding genes in 
C. elegans are required for Netrin-dependent attraction. Ventral polarization and guidance 
of the HSN axon requires unc-6 and unc-40 (Adler et al., 2006), a process that is 
coincident with ventral localization of the PH-domain containing Mig-10. mig-10, in 
combination with ced-10/Rac and PI3K/age-1, is required for ventral guidance of HSN 
and other unc-6-dependent axons (Chang et al., 2006). The Pak-endcoding genes, max-1 
and pak-1 are required for ventral guidance of the HSN axon (Quinn et al., 2008). In this 
process, pak-1 appears to function in the ced-10/Rac pathway, while max-1 functions in a 
parallel pathway. To our knowledge, there is no genetic evidence linking Pak to Netrin-
DCC signaling in Drosophila or in mice. 
 
5.2.3 SFKs are dispensable for Netrin-dependent commissural guidance in Drosophila
In this work, we have conducted a thorough analysis of a proposed upstream regulator of 
Rac in this model, by examining the in vivo contribution of SFKs in Netrin-dependent 
axon attraction in Drosophila. We find that in contrast to their proposed function, SFKs 
antagonize midline axon crossing in commissural neurons. This likely occurs through an 
unidentified parallel guidance pathway. Thus, there are considerable gaps in our 
knowledge of how Netrin activates Rac, and I suggest that further analysis of candidates 
from this model—and the potential identification of new genes in the Netrin pathway 
through continued screening—will yield a more clear mechanistic understanding of 
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Netrin-dependent attraction in commissural neurons. Given that the mechanism by which 
SFKs activate Rac in vertebrates is not clear, and we have shown that tyrosine 
phosphorylation of DCC receptors is not required for Netrin signaling in vivo, it is not 
necessary to invoke such a model in Drosophila. Nevertheless, it remains likely that the 
GEF(s) responsible for activation of Rac have not been identified in Drosophila, and 
possibly, in vertebrates as well. Therefore, this should be one of the major goals in our 
approach to understanding Netrin signaling in vivo. 
5.4 Future Directions
5.4.1 SFKs Antagonize Commissural Axon Crossing in Drosophila
We have shown that SFKs antagonize midline crossing Drosophila commissural neurons. 
These effects are most evident in conditions where Netrin signaling is limited, providing 
further evidence that SFKs are unlikely to contribute to Netrin-dependent attraction in 
Drosophila. Our genetic evidence suggests that this likely occurs through a guidance 
pathway that has not been ascribed a role in midline axon guidance to date. As mentioned 
earlier, many commissural axons still cross in NetAB and fra mutants, so there must be a 
redundant pathway that promotes midline crossing in these neurons. What is the identity 
of this parallel pathway? An exciting possibility draws from preliminary results of our 
continuing genetic screen, where we have found that the transmembrane semaphorin, 
sema-1a, may promote commissural guidance through reverse signaling. Sema-1a 
appears to act in parallel to Netrin in commissural neurons, similar to what we have 
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observed for SFKs (M. Hernandez, unpublished observations). We are currently pursuing 
the prospect that Src may inhibit midline crossing by antagonizing Sema-1a signaling. 
5.4.2 Abl Promotes Netrin-Dependent Commissural Guidance through its C-Terminus
Our observations suggest that Abl promotes midline axon crossing in commissural 
neurons by functioning in the Netrin pathway. We have seen that Abl binds Fra when co-
expressed in Drosophila cells and expression of a truncated Abl construct, lacking its C-
terminus, can bind to Fra and interferes with Netrin-dependent responses in cultured cells 
and EW commissural neurons. I propose that in further experiments, we can understand 
the mechanism by which Abl acts in the Netrin pathway by identifying the C-terminal 
motifs that are necessary for its function in commissural neurons. As the Abl FABD is the 
most conserved region based on primary sequence homology, I have generated Abl 
constructs bearing an FABD deletion, as well as a point mutation in the FABD (AblF1591E) 
predicted to reduce Abl's affinity for F-actin (Hantschel et al., 2005). Abl also contains 
two conserved domains, which I have termed CD1(AA 753-791) and CD2 (AA 926-965). 
CD1, which contains a PXXP site, is conserved in arthropods and CD2 is conserved to 
nematodes. Additionally there are several proline-rich sequences following CD2 prior to 
the FABD that could be targeted. 
 The Abl/Arg C-termini, in addition to their cytoskeletal interaction domains, 
facilitate protein-protein interactions (Bradley and Koleske, 2009). For example, the Arg 
C-terminus interacts with the cortactin SH3 domain through a PXXP motif (Lapetina et 
al., 2009). Cortactin would be a good candidate to mediate Abl's C-terminal functions, 
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and this would be straightforward to test in Drosophila commissural neurons. Abl might 
simply link Fra to the cytoskeleton, or it could act as a scaffold for the assembly of 
cytoskeletal regulators like cortactin during Netrin signaling. 
 We have seen that Abl binds to Fra in S2 cells and some preliminary evidence 
suggests that this interaction can be increased in the presence of Netrin. If true, this 
would suggest that Abl may act as a downstream effector in Netrin-dependent attraction. 
We have also seen that the Abl SH2 domain is necessary for this physical interaction, but 
Fra tyrosine residues are not. Therefore, it will be important to identify any proteins that 
might facilitate this indirect interaction. Dock (Nck) would be an obvious candidate as it 
interacts with vertebrate DCC. It will also be important to identify whether vertebrate 
DCC can interact with either Abl or Arg, to determine if this mechanism is conserved. By 
resolving the mechanism by which Abl acts in the Netrin pathway, we will undoubtedly 
arrive at a better understanding of Netrin-DCC signaling. 
5.4.3 Identification of Novel Genes that Contribute to Netrin Attraction in Commissural 
Neurons
In this work, we have performed a preliminary genetic screen of the Drosophila third 
chromosome and identified two genes to date, Abl and nrt, that promote midline crossing 
in EW neurons. As described in chapter 4, several candidates from this primary screen 
still await identification. As a result of this primary screen, we have developed a more 
sensitive genetic background that we are currently using to screen much of the rest of the 
Drosophila genome in EW neurons. This background involves a lower level of FraΔC 
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expression in EW neurons, which results in roughly 20% defects. Based on our 
preliminary observations from this second screen, I would suggest that the remaining 
intervals identified in third chromosome screen be mapped in this modified genetic 
background.  Additionally, the third chromosome screen I present here has many gaps, 
particularly on chromosome arm 3R, which should be further screened in this modified 
genetic background. My hope is that genes identified in this screen will lead to multiple 
new directions of investigation in the mechanisms of commissural axon guidance. 
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Table 6.1 List of chromosome 3L deletions used in primary screen
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Table 6.2 List of chromosome 3R deletions used in primary screen
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Figure 6.1 Fra expression in early embryos
A-D, Confocal sections. Fluorescence mRNA in situ hybridization for fra (green) in stage 
5-6 embryos, showing early fra mRNA localizes dorsally. In all images, anterior is left, 
dorsal is down. A, An early stage 5 embryo, fra mRNA puncta are already localized 
dorsally. B, late stage 5 embryo, pole cells have migrated dorsally. Fra mRNA dorsal 
enrichment is obvious at this stage. C, D Early stage 6 embryos, prior to gastrulation, fra 
shows a dynamic expression pattern. C, Cortical section. D, a more central section. 
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Fra-Myc
Figure 6.2 Schematic of Fra and Abl, highlighting relevant features
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